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Abstract
Diffuse Damage Repair Mechanism in Bone

by
Leila Mehraban Alvandi

Advisor: Professor Mitchell B. Schaffler
Bone microdamage is a result of fatigue, creep or ‘wear and tear’ caused by physiological
activities and largely contributes to bone fragility. Bone, unlike engineered materials, has the
ability to repair the microscopic cracking or microdamage through targeted, osteoclast-mediated
bone remodeling. This capability is crucial for preservation of its structural integrity and quality;
failure of the skeleton to effectively repair microdamage leads to accumulation of damage, which
is one of the main contributors to bone fragility. Linear microcracks (50-100 µm) and diffuse
damage (Dif.Dx) (sub-micron) are the two types of microdamage. Recent studies show that Dif.Dx
repairs without bone remodeling, pointing to a direct healing mechanism for these small cracks.
These discoveries raise questions about the mechanism(s) by which localized matrix damage in
bone undergoes self-repair and whether of overall mechanical integrity is completely restored.
Thus it is reasonable to hypothesize that small (“diffuse”) crack damage repairs principally through
a physicochemical mechanism that restores integrity of the bone mineral and the tissue mechanical
properties, with no significant change in the organic component of the bone matrix. We first tried
to understand the nature of mineral and collagen changes in diffuse damage and repaired tissue.
Then we tested the hypothesis that the repair of Dif.Dx regions in bone, as assessed functionally
by recovery of mechanical properties, can occur ex-vivo in the absence of viable osteocytes. Then
we tested whether mineral deposition is an essential component of repair of diffuse damage in
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vivo, in order to gain insight into the importance of physicochemical mineral deposition in repair
of diffuse damage
Raman

microspectroscopy

studies

showed

no

difference

in

mineral/matrix,

carbonate/phosphate ratio and crystallinity among diffuse damage, control and repaired diffuse
damage tissue or survival groups. Raman microspectroscopy studies revealed a weak shoulder at
945-950 1/cm in diffuse damage area as an amorphous or crystalographically disordered. This
peak is chemically calibrated and has been reported. Small Angle X-ray scattering (SAXS)
showed no change in mineral thickness between diffuse damage area compare to control. However
crystal thickness in survival group increased by 2 Å compare to control group. SAXS data showed
decrease in degree of crystals alignment (more isotropic) in Dif.Dx area compare to control.
However, in repaired diffuse damage area bone mineral crystal became more anisotropic. Increase
in bone mineral thickness and degree of bone mineral alignment in repaired diffuse damage tissue
are in consistent with non-classical crystallization pathway.
The results of ex-vivo and in-vivo remineralization studies support the concept that the
spontaneous recovery of mechanical and microstructural alterations caused by Dif.Dx in bone
requires deposition of Ca and Pi, but does not require the direct action of osteocytes. This repair
process appears to resemble physicochemical remineralization like that occurring in enamel.
Nevertheless, osteocytes and their lacunar-canalicular system likely play an essential indirect role
in healing of these submicron-sized cracks in bone in vivo, by maintaining the ionic bone tissue
fluid required for chemical repair of bone mineral and perfusing it through the matrix to access
damage sites.
We examined collagen fibril architecture and orientation in bone containing diffuse
damage induced in vivo, using a combination of SEM and SHG imaging approaches. Scanning
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electron microscopy studies revealed changes in tissue collagen fibrillar structure in diffuse
damage regions compared to non-loaded control bone. Surprisingly, collagen fibril bundles in
diffuse damaged bone were on average ~ 10% greater in diameter than those in non-loaded control
bone. In addition, there was a substantial increase in the number of large diameter (550-650nm)
fibril bundles; fibril bundles of this size were not seen in control bone. Importantly, ruptured or
torn collagen fibrils were not seen in Dif.Dx bone.

Recovery of tissue stiffness mediated by remineralization may involve multiple pathways.
Our results in consistent with non-classical crystallization pathways that involves the arrangement
of primary nanoparticles into an iso-oriented crystal via oriented attachment. Non-classical
crystallization pathway is always particle facilitated and in consistent with mesoscopic
transformation process, where oriented attachment of smaller building blocks is required to
achieve a uniform orientation in the bulk phase.
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Chapter 1 Diffuse microdamage in cortical bone
Overview:
Bone microdamage is a result of fatigue, creep or ‘wear and tear’ caused by physiological
activities and largely contributes to bone fragility [Seref- Ferlengez et al. 2014; Martin 2003]. It
is defined as matrix failure that is detectable by light microscopy [Burr et al. 1997]. It was first
described by Frost 1960 in studies of human rib biopsies using staining with basic fuchsin [Frost
1960]. He stated the presence of cracks on the size order of 30-100μm with sharp ‘linear’
morphology. These microscopic damage formations have been termed “linear microcracks”. Frost
proposed that these cracks were an indication of localized bone matrix failure due to cumulative
mechanical loading. Current studies from human biopsies and from experimentally loaded animal
tissues confirmed another matrix damage process, called “diffuse” or “small-crack” damage. This
type of damage was first associated with pools of diffuse stain in damaged matrix and later shown
to be described by clusters of submicron cracks [Schaffler et al. 1994; Zioupos and Currey 1994;
Burr, Turner et al. 1998; Boyce, Fyhrie et al. 1998; Fazzalari, Forwood et al. 1998; Vashishth,
Koontz et al. 2000; Diab and Vashishth 2007].
Bone, unlike engineered materials, has the ability to repair the microscopic cracking or
microdamage caused by wear and tear (i.e., fatigue) through targeted, osteoclast-mediated bone
remodeling. This capability is crucial for preservation of its structural integrity and quality; failure
of the skeleton to effectively repair microdamage leads to accumulation of damage, which is one
of the main contributors to bone fragility. Frost first posited that linear microcracks are repaired
by intracortical remodeling, such that osteoclasts target microdamage for removal and osteoblasts
fill in the resorbed volume with new tissue [Frost 1960]. This hypothesis that linear microcracks
activate bone remodeling has been experimentally tested by several studies [Burr et al. 1985; Burr
1

1993; Mori and Burr 1993; Bentolila, Boyce et al. 1998; Cardoso, Herman et al. 2009]. Current
studies from our group have showed that the targeted remodeling response to linear microcracks
is activated by dying (apoptotic) osteocytes at the microcrack locations [Cardoso, Herman et al.
2009; Kennedy et al. 2012]. Herman et al. in our laboratory showed that in contrast to linear
microcracks diffuse damage in rat ulnae did not activate resorption and more surprisingly, did not
cause the localized osteocytes apoptosis that activates and targets remodeling of typical linear
micro cracks [Herman et al. 2010]. Also, Seref-Ferlengez et al. in our laboratory showed that small
crack damage bone could be repaired without bone remodeling, suggesting alternative repair
mechanisms exist for submicron-sized matrix cracks in bone [Seref-Ferlengez et al., 2015]. These
discoveries raise questions about the mechanism(s) by which localized matrix damage in bone
undergoes self-repair and whether of overall mechanical integrity is completely restored. Thus it
is reasonable to hypothesize that small (“diffuse”) crack damage repairs principally through
a physicochemical mechanism that restores integrity of the bone mineral and the tissue
mechanical properties, with no significant change in the organic component of the bone
matrix. We first tried to understand the nature of mineral in diffuse damage and repaired tissue.
Then we tested the hypothesis that the repair of Dif.Dx regions in bone, as assessed functionally
by recovery of mechanical properties, can occur ex-vivo in the absence of viable osteocytes. We
also tested whether mineral deposition is an essential component of repair of diffuse damage in
vivo. Finally, we studied the fibrillar collagen changes in diffuse damage and repaired tissue to
get more insight about damage mechanism and repaired tissue.
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1.1 Bone hierarchy and composition
Bone tissue is highly organized (figure 1.1). The major roles of bones are providing
mechanical stability, protecting the bone marrow, and forming attachment points for muscles, thus
helping movement of the musculoskeletal system [Baron 1993]. Also, bone tissue is helping in the
mineral homeostasis working as a source for phosphate and calcium ions, thus having a metabolic
function [Baron 1993], releasing these ions related to the physiological needs of the body
[Cashman 2002]. The organization of bone can be defined in five hierarchical levels as shown in
(figure 1.1) cortical bone and cancellous bone at the macrostructural level; (2) Haversian systems
(osteons)/interstitial tissue or trabeculae at the sub-millimeter scale; (3) the lamellae (including
lacunae and canaliculi) at the micron level; (4) mineral matrix and collagen fibrils at the submicron
scale; and (5) mineral crystals, collagen and water molecules. Other important features of bone;
include bone cells, the non-collagenous proteins, other organic constituents of bone matrix and
damage in the forms of linear microcracks and diffuse damage [Rho et al. 1998].
Bone extracellular matrix is comprised of 65%wt mineral (hydroxyapatite crystals), 35%wt
protein (mainly type I collagen and non-collagenous proteins (NCP)), and water (Cowin 2001).
The mineral is mainly calcium phosphate, particularly carbonated hydroxyapatite. The organic
matrix of bone consists of collagen and number of non-collagenous proteins (NCPs), such as
osteocalcin (OCN), osteopontin (OPN) and alkaline phosphatase (ALP). Almost 85-90% of the
total bone protein consists of collagen fibrils [Termine and Robey 1996].
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Figure 1.1 Level of hierarchy of the femur, there are: cortical and cancellous bone; osteons
and trabeculae (not shown); lamellae; assemblies of collagen fibrils; and collagen molecules,
mineral crystals, and water [Rho et al. 1998]. (Elsevier copy right permission license number:
4731401273225)

1.2 Bone cells
On the microscopic level, bone is composed of intercellular calcified material called bone
matrix, and different types of cells, namely osteoprogenitor cells, osteoblasts, osteocytes, bone
lining cells and osteoclasts.
Osteoprogenitor cells are mononuclear cells originating from mesenchymal stem cells
(MSCs). Mesenchymal Stem cells (MSCs) are multi potent cells located in periosteum and bone
marrow, as well as other tissues including muscles and fat. These cells can differentiate into
different tissues, including bone, cartilage, muscle and fat [Pittenger et al. 1999; Gronthos,
Zannettino et al. 2003; Tuli, et al. 2003]. Differentiation toward these lineages is controlled by
different cytokines. Among the different cytokines involved in osteoblast differentiation, are
Hedgehog, BMP (bone morphogenetic protein), TGF-β (transforming growth factor-β), PTH
(parathyroid hormone), and WNT [Jiang et al. 2002; Caplan et el. 2001]. Transforming growth
factor β (TGF-β) and bone morphogenetic proteins (BMPs) play a vital role, regulating of
4

proliferation, differentiation and matrix synthesis of cells [Brodt, Ellis et al., 1999; Lutz and Knaus,
2002; Nohe, Keating et al., 2004]. Osteoblastic differentiation process can be divided into several
stages, including proliferation, extracellular matrix maturation, and mineralization [Stein et
al.,1993]. Mature osteoblasts express a range of proteins such as OCN (osteocalcin), OPN
(osteopontin), bone sialoprotein, ON (osteonectin) and ALP (alkaline phosphatase) and organic
bone matrix including collagen type I. ALP is considered as an early marker, whereas OC is a late
marker for osteoblast differentiation. Activation of the transcription factor Runx2 is an essential
event in osteoblast differentiation. For example, Runx2-deficient mice showed completely lack
osteoblasts and fail to form hypertrophic chondrocyte, and they produce a cartilaginous skeleton
and lack of mineralized matrix. After organic matrix constituents are secreted, they begin to
organize themselves (“mature”), and during this stage matrix mineralization is initiated.
Osteocalcin, osteonectin and bone sialoprotein levels are increased, that leads to rapid deposition
of calcium and phosphate [Komori et al. 1997].
During bone formation, some osteoblasts become embedded in the bone matrix and
differentiate into osteocytes. As bone formation is completed, some of the osteoblasts become
bone lining cells which are elongated and flat cells that cover and remain on the newly produced
bone surfaces; the rest undergo apoptosis [Baron, 1993]. Osteocytes make up 90-95% of all bone
cells, compared to 4-6% osteoblasts and approximately 1-2% osteoclasts. Osteocytes are
distributed in the whole bone and connected to each other via cytoplasmatic extensions forming a
communicative network. Osteocytes reside within lacunae (15-20µm) and their cytoplasmic
extensions occupy tiny canals called canaliculi (̴ 250-300 nm in diameter) (figure1.2) [Schaffler
and Kennedy 2012; Pajevic 2009; Burger and Klein-Nulend, 1999]. It has been argued that
osteocytes play an important role in sensing mechanical forces. There is wide agreement that
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osteocytes are the primary cells responsible for mechanotransduction (Skeletal reaction to physical
signals depends on the ability of bone cells to sense those mechanical stimuli (mechanosensation)
and transform them into biochemical measures leading to bone formation or resorption
(mechanotransduction) in bone [Cabahug‐Zuckerman et al. 2017]. Recent studies showed loading‐
induced fluid flow in the lacunar–canalicular system (LCS) and subsequent forces acting on
osteocytes particularly on their dendritic processes as key features of the mechanism [Burger and
Klein-Nulend 1999; Cabahug‐Zuckerman et al. 2017]. It has been shown experimentally that
osteocyte cell processes are far more sensitive to mechanical stimuli than their cell bodies. Wu et
al in our laboratory used a novel fluid loading device to transport pico-Newton level forces to
osteocyte processes versus cell bodies and discovered a sensitivity alteration of at least 10‐fold.
The mechanisms underlying this astonishing mechanosensitivity are not clear. McNamara et
al. showed that osteocyte processes in situ attach directly to canalicular walls at apices situated
131 ± 40 nm apart, and that these foci contained αVβ3 (“vitronectin receptor”), a member of the
integrin superfamily of adhesion molecules mediating attachment of cells to extracellular matrix
molecules). These attachment foci, originally identified in rodents and then in human bone, are
subject to intensely high strains during load‐induced fluid flow in the LCS. Thi et al. confirmed
this experimentally; tiny fluid forces applied to attachment foci on osteocyte processes in vitro
triggered Ca2+ signaling that propagated back to cell bodies, while the same stimulus applied away
from attachment sites caused no response. They showed that this Ca 2+ signaling was αVβ3 integrin‐
dependent, since it was blocked by disrupting integrin‐ligand interactions [Wu et al., 2011; Thi et
al., 2013; Haugh et al. 2015; Batra et al. 2012; McNamara et al. 2009; Kamioka et al. 2012].
Cabahug‐Zuckerman et al. in our laboratory discovered that the purinergic channel pannexin1, the
ATP‐gated purinergic receptor P2X7R and the low voltage transiently opened T‐type calcium
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channel CaV3.2–1 all located in close proximity to β 3 integrin attachment foci on osteocyte
processes, suggesting a particular mechanotransduction complex at these sites [Cabahug‐
Zuckerman et al. 2017].
Recent studies show that osteocytes produce a range of proteins including DMP1 (dentin
matrix protein 1), PHEX (phosphate-regulating neutral endopeptidase on chromosome X), MEPE
(matrix extracellular phosphoglycoprotein), sclerostin, FGF-23 (fibroblast growth factor 23), OPG
(osteoprotegerin) and, RANKL (receptor activator of nuclear factor κB ligand). The expression of
these proteins, useful as osteocyte markers, suggests that osteocytes play vital role in the regulation
of bone remodeling and mineral regulatory functions [Schaffler and Kennedy 2012]. The
canalicular network responds to unloading, or a decrease in mechanical signals, with upregulation
of the proteins sclerostin and RANKL [Tatsumi et al. 2007; Xiong et al. 2011]. It has been shown
that long osteocytic processes extending through mineralized bone matrix tissue can pass
information between cells (canalicular projections from an osteocyte in are shown in Figure1.3)
[Thompsona et al., 2012]. Thompsona 2012 proposed that all bone cells have the capacity to
respond both directly and indirectly to mechanical signals. It is likely that these cells produce
soluble factors that modulate MSC differentiation as well as osteoprogenitor recruitment to areas
of bone remodeling, but this has not yet been proven. How osteocyte RANKL is delivered through
canaliculi to hematopoietic stem cells in order to osteoclast differentiation, and how new
osteoclasts are recruited to sites of bone resorption, are unknown [Thompsona et al. 2012;
Schaffler et al. 2014].
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Figure 1.2 Scanning Electron Microscopy image of an acid-etched, resin-casted,
osteocyte-canalicular system showing the extensive canalicular system of the osteocytes

Figure 1.3 Oscteoytes (A) Transmission electron microscopy image of a single osteocyte
containing multiple canaliculi. The osteocyte cell process (P) is centrally located within the
canaliculus. The canaliculi make up the essential components of the network connecting
osteocytes in a network. (B) A zoomed in image of a single osteocyte canaliculus with the
transverse tethering elements (TE) spanning the pericellular space (PS), attaching the process
(P) to the canalicular wall (CW) [Thompson et al. 2012]. (Elsevier copy right permission
license number: 4731410153611)
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Osteoclasts are bone resorptive cells. These multinucleated cells originate from
hematopoietic stem cells [Roodman 1999]. Osteoclasts are members of the monocyte-macrophage
family that can be produced in vitro from mononuclear phagocyte precursors resident in a number
of tissues. However, there is a general agreement that the principal physiological osteoclast
precursor is the bone marrow macrophage. RANKL (receptor activator of nuclear factor-kβ ligand)
and M-CSF (macrophage colony stimulating factor) are the two cytokines that is necessary and
required for osteoclastogenesis. RANKL, is a member of TNF (tumor necrosis superfamily), and
osteoclast formation depends on its presence or its priming of precursor cells. M-CSF contributes
to the proliferation, survival and differentiation of osteoclast precursors, as well as the survival
and cytoskeletal rearrangement required for efficient bone resorption. These two cytokines are
produced by osteoblasts lineage cells [Pixley et al. 2004]. The cell surface receptor calls RANK
(receptor activated of NFkB) is activated by RANKL. OPG (Osteoprotegerin) is a high-affinity
ligand for RANK that acts as a soluble inhibitor of RANKL, is secreted by cells of mesenchymal
origin, both basally and in response to other regulatory signals. Osteoprotegerin inhibits the
binding of RANK/RANKL and thus inhibits the recruitment, proliferation, and activation of
osteoclasts. Genetic deletion of OPG in both mice and humans leads to profound osteoporosis,
whereas over expression of the molecule, results in severe osteoporosis. A wide range of studies
show that increase RANKL/OPG ratio related to increase osteoclast activity [Whyte et al. 2002].
The osteoclast forms a microenvironment between itself and the underlying bone matrix. This
compartment, which is isolated from the extracellular space, is acidified by an electrogenic proton
pomp [H+-ATP] and Cl- to a pH of 4.5[Teitelbaum and Ross 2003]. The mineralized component
of bone is mobilized by the acidified milieu, exposing type I collagen that is subsequently degraded
by lysosomal enzymes including cathepsin K. As consequences of the osteoclasts bone resorption
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activity, so-called Howship’s lacunae are formed. After bone resorption, osteoclasts undergo
apoptosis. Clinically bone resorption helps to maintain calcium and inorganic phosphate levels in
plasma [Baron 1996].
1.3 Collagen
Bone is a nano-composite material composed at the lowest nanostructural level of mineral
hydroxyapatite Ca10 (PO4)6(OH)2, collagen, mainly collagen type I (90%), and non-collagenous
organic proteins (NCP). Collagen is a family of proteins present in the extracellular matrix of
connective tissues that are responsible for maintaining the structural integrity of vertebrates and
many other multicellular organisms. More than 27 forms of collagen are identified in animal
tissues. Some of them (types I, II, III, V, and XI) are organized in fibrils and are seen in tissues
that should be to resist tensile, shear, or compression stresses, including tendon, bone, cartilage,
and skin [Viguet- Carrin et al. 2006].
The organic matrix of bone is mostly built up of type I collagen along with small but important
amounts of non-collagenous protein like osteocalcin and osteonectin, which aid in the
mineralization process [Rosste et al. 2002]. Procollagen is a helical molecule of three intertwining
polypeptide chains that is secreted by osteoblast (figure 1.4) [Rho et al. 1998]. The repetitive nature
of the amino acid sequences of collagen, which consists of –(Gly-X-Y)n– where X can be any
other amino acid, but usually is proline and Y is often hydroxylproline, and by several posttranslation modification including: (1) hydroxylation of certain lysyl or prolyl residue; (2)
glycosylation of the hydroxylysine with glucose or galactose residue, or both; (3) addition of
mannose at the propeptide termini; and (4) formation of intra- and intermolecular covalent crosslinks . The procollagen molecules of collagen type I {[α1 (I)]2 α2(I)} consist of one α2 and two
identical α1 chains, is an insoluble molecule with 300nm in length and 1.5nm in thickness [Simon
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et al. 2018; Bachmann et al. 2005]. Secondary bonding interactions between procollagen units in
the extracellular area go to self -assembling of the triple helical proteins into fibrillar structures
[Hodge and Petruska 1963; Orgel, Irving et al. 2006; Olszta, Cheng et al. 2007]. Upon cleavage of
the non-helical amino (N) and carboxyl (C) terminals, collagen begins to self-assemble into a
collagen fibril (300 nm in length and 1.2 nm in diameter) via cross-links, forming a staggered
arrangement (figure1.5) [Fratzl 2008; Rho et al. 1998; Viguet-Carrin et al. 2006]. Hodge and
Petruska (1963) first described a distance of 35–40 nm separates the head and tail of any two
aligned collagen molecules as shown in Figure (1.5A). A neighboring helix aligns in parallel but
is offset by 64–70 nm [Miller, 1984; Hodge, 1989; Weiner and Wagner, 1998], depending on the
state of hydration and mineralization [Bonar, Lees et al. 1985; Price, Lees et al. 1997], thus
developing a characteristic pattern of gap-zones and overlap zones within the fibril(figure1.5). The
resulting overlap (w27 nm) gives rise to the striation pattern that is seen when viewing collagen
fibrils with electron microscopy and atomic force microscopy (figure 1.5 B). Collagen fibrils
attached with each other to form arrays of aligned fibrils that make up a larger structure called the
fiber [Weiner and Wagner, 1998].
In brief, each type I collagen molecule self-assembles into a triple helix containing of two α1
and one α2 chains; the helix diameter is on the order of 1.25 nm wide and 300 nm long with mass
~285 kDa. Six groups of five triple helices appear to be ordered into microfibrils with one of the
helices running into an adjacent microfibril. The microfibrils are ordered into fibrils whose
diameters vary in bone (nominally 100–200 nm).
Collagen molecules are precisely aligned within the fiber in a quarter-staggered endoverlap fashion. This arrangement provides gaps within the fiber for nucleation of the calcium
apatite crystals, and these crystals then grow parallel to the collagen fibrils. However, the studies
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of Nudelman et al. found that positive charges at the end of the collagen molecules form nucleation
sites for mineralization, present in both gap- and overlap-zones [Nudelman, Pieterse et al. 2010].
Another feature of bone is Collagen cross-links. Collagen cross-links organize fibrillation,
and contribute to the mineralization process, thus affecting the mechanical behavior of bone [Rho
et al., 1998]. The presence of a stiffer collagen network in bone, due to aging and various diseases,
including diabetes, increase bone fragility [Paschalis 2006; Vashishth et al. 2001]. Cross-linking
in collagen by nonenzymatic glycation increases the matrix stiffness. Nonenzymatic glycation
(NEG) is resulting from the reaction of reducing sugars with collagen. Collagen diseases are
mostly related to genetic defects, which affect the biosynthesis, assembly, posttranslational
modification, secretion, or other processes in the normal production of collagen [McLean et al.
2004; Blouin et al. 2009; Wojtowicz et al. 1997]. For example, osteogenesis imperfecta is a family
of genetic diseases caused by mutations in the genes COL1A1 and COL1A2 [Prockop et al. 1989;
Kuivaniemi et al. 1991].

Figure 1.4 Assembling of collagen molecule into a fibril via enzymatic cross-links.
[Yamauchi et al. 1998] (Elsevier copy right permission license number: 4731420144770)
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Figure 1.5 Collagen molecules arrange into fibrils in a staggered fashion with cross-links
and the overlap regions of molecules create a banding pattern visible with atomic force microscopy
(decalcified dog metacarpal midshaft cross sections, control)

1.4 Bone Mineral
The exact nature of the mineral component of bone is not totally defined, even though it is
widely recognized as a type of carbonated hydroxyl apatite in the form of thin (1.5–4 nm thick)
plate-shaped crystals [Pasteris et al. 2014; Reznikov et al. 2014]. The mineral compositions
resemble carbonated apatite Ca10 (PO4)6-x (OH)2-y (CO3)

x+y

[Weiner and Wagner, 1998

Yerrashetty and Akkus 2013]. Bone mineral crystals are poorly crystalline due to high
concentration of impurities (substitutions like carbonate, fluoride, citrate and potassium)
[Yerrashetty and Akkus 2013]. According to studies by Weiner and Landis, mineral particles in
bone are mostly plate shaped crystals of hydroxyapatite [Weiner and Traub, 1986; Landis,
Hodgens et al. 1996], which are embedded in the collagen matrix and typically arranged parallel
to each other and to the long axis of the collagen fibrils [Fratzl and Weinkamer, 2007]. Fratzl et
al also reported that these crystals are platelets and have a thickness of 2 to 4 nm and a width and
length of tens of nanometers [Fratzl et al. 2004a]. Eppell et al. investigated the three dimensional
topography of mineral crystallite by atomic force microscopy (AFM). Their results confirmed that
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average dimension of crystals are 9 × 6 × 2 nm [Eppell et al. 2001]. The crystal lattice spacing
along a and b axis is 0.9432 nm and of the c-axis of the hexagonal lattice (the long axis) spacing
is 0.8881 nm [Veis 2003; Burger et al. 2008]. Nano platelet conformation increases nonstoichiometric substitution due to increased surface area. Carbonate ions make up the most
common substitution found in the bone lattice [Yerrashetty and Akkus 2013].
Bone mineral is initially formed as an amorphous calcium phosphate. With maturity of
crystals, various amounts of carbonate ions are incorporated in the crystals lattice leading to
carbonated apatite. In three different locations carbonated ion is substituted in an apatite crystal:
type- A substitution which is hydroxide ions (OH-) sites is replaced by carbonated ions, in type- B
substitution, carbonated ion occupying phosphate ion (PO43-) and labile carbonate, in which
carbonated ions loosely bound on the crystal surface and are principally formed during later stage
of mineralization. Sometimes phosphate ions (PO43-) are substituted by acid phosphate ion (HPO42) [Fratzl et al. 2004; Yerrashetty and Akkus 2013].
As noted in the previous paragraph, the mineral platelets are arranged mostly parallel to
the longitudinal direction of the bone. Bone mineral particle thicknesses depend on the species
and ranging from 1.5 to 4.5 nm. Size and shape of mineral particles affect the mechanical
properties of bone [ Weiner and Traub 1992; Traub et al. 1992; Landis et al. 1996; Fratzl et al.
1991; Fratzl et al. 1992; Rinnerthaler et al. 1999; Paris et al. 2000; Fratzl et al. 2004]. Therefore,
changes in mineral particles size, will affect fracture risk [Fratzl et al. 1994; Roschger et al. 1997;
Gao et al. 2003]. The structure and organization of collagen fibrils limit the size of crystals and
control their orientation. [Landis et al. 1993; Landis 1995].
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1.5 Non-collagenous proteins (NCPs)
Mineral deposition within any biological tissues is a controlled process. The noncollagenous proteins (NCPs) such as bone sialoprotein, osteocalcin (OC), osteopontin (OPN) and
alkaline phosphatase (ALP) have been associated with regulating bone mineral. Bone sialoprotein
(46–75 kD) is a significant component of the bone extracellular matrix and constitutes
approximately 8% of all non-collagenous proteins found in bone and cementum. Osteocalcin (OC)
predominantly synthesized by osteoblasts, is known for its strong binding affinity to bone mineral
[Dowd et al. 2003]. OCN (5.2–5.9 kD) acts as a calcium binding protein, which is mainly
unstructured in aqueous solution, but alters to a folded state with an almost globular structure with
a diameter of about 1.7–2.0nm in the presence of physiological concentrations of calcium. OC’s
mineral binding capacity is assisted by its carboxyglutamic acid residues providing a function that
has been well preserved through development [Laizé et al. 2005; Poundarik et al. 2018]. OC is
present at the surface of mineralized collagen fibrils. Osteocalcin has been seen in part of the gap
region and the neighboring overlap zone Inside the collagen fibrils [Simon et al. 2018]. Therefore,
it has been suggested OC mediates nucleation and growth of platelet–shaped hydroxyapatite
(HAP) crystals. Osteopontin(OPN) is a secreted, sulfated phosphoprotein rich in sialic acid, a large
highly charged glycoprotein, binds to extracellular calcium via its acidic (aspartate and glutamate)
and phosphorylated (serine and threonine) residues and act as a nucleating bone mineral [ Mckee
et al. 1996; Gericke et al. 2005; Poundarik et al. 2018]. OPN is unstructured and flexible with a
contour length of ∼100 nm [Zappone et al. 2008; Fisher et al. 2001]. The molecular mass of OPN
is 44–75 kD and the primary sequence contains 298 amino acids. Moreover, the secondary
structures of these macromolecules are relatively flat aggregation of macromolecular chains that
often present the electronegative phosphoryl group PO3- in a flat array that match the bone
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hydroxyapatite crystal lattice. Therefore, these proteins are considered to serve as glue between
collagen and mineral, thus regulating mineral-matrix interfacial bonding [ Hansma et al. 2005].
1.6 Water
Water is a major component of bone matrix, which is located within the collagen fibril.
Water molecules are localized in the gap-zones and between the triple helical molecules. It is also
present between fibrils and fibers [Weiner and Wagner 1998]. Water is distributed throughout bone
in three forms: freely mobile in vascular lacunar-canalicular space, bond to the surface of the
collagen and mineral phase, and solid like within the collagen and mineral molecules. Because of
the polar nature of water molecules, they can associate with mineral (PO 4- or Ca2+) and collagen
(glycine, hydroxyproline, and hydroxylysine). At two levels water associates with collagen: the
hydrogen binds within the triple helix of collagen molecules (due to the hydroxyl group of
hydroxyproline) and the hydrogen bonds with polar side chains of collagen fibrils [Nymanet al.
2008; Wildon et al. 2005, 2006]. Wang et al., 2013 used solid-state nuclear magnetic resonance,
wide-angle X-ray scattering and cryogenic transmission electron microscopy to characterize the
structure and organization of crystalline and biomimetic apatite nanoparticles. They demonstrated
that water orients apatite crystals through an amorphous calcium phosphate-like layer that coats
the crystalline core of bone apatite [Wang et al. 2013]. Pasteris et al., 2014 studied the hydration
state of bone mineral through Raman spectroscopic and thermogravimetric analysis (TGA). Their
result quantitatively defines that, regardless of the concentration of carbonate in the structure, all
hydroxyapatites contain ~3 wt% of structurally incorporated water in addition to multiple wt%
adsorbed water. They confirmed that natural bone mineral also contains structurally incorporated
molecular H2O based on independent analyses of bone by means of spectral stripping (subtracting
the spectrum of collagen from that of bone) and chemical stripping (chemically removing the
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collagen content of bone prior to analysis). They show that bone apatite is a combined hydratedhydroxylated calcium phosphate phase of the form Ca 10−x [(PO4)6−x(CO3) x](OH)2−x·nH2O, where
n ~ 1.5. Water is therefore not an accidental, but rather an essential, component of bone mineral
and other natural and synthetic low-temperature carbonated apatite phases [Pasteris et al. 2014].

1.7 Microdamage in bone matrix
Bone microdamage is a result of fatigue, creep or ‘wear and tear’ caused by physiological
activities and largely contributes to bone fragility [Seref- Ferlengez 2014; Martin 2003]. It is
defined as matrix failure that is detectable by light microscopy [Burr et al 1997]. It was first
described by Frost 1960 in studies of human rib biopsies using differential microcrack staining
with basic fuchsin. Frost proposed that these cracks were evidence of localized bone matrix failure
due to cumulative mechanical loading.
Two types of microdamage (figure 1.6) are commonly seen as a result of physiological
habitual loading of bone tissue: “linear microcracks” and “diffuse damage”. Despite certain
morphological similarities between these two damages; there are distinct differences in terms of
biological and mechanical aspects between them [Seref-Ferlengez et al. 2015].

Figure 1.6 Cross section of acutely fatigued rat ulnar diaphysis, showing linear microcracks
(µCr), and patches of uptake of basic fuchsine Diffuse damage [Bentolila et al. 1998].
(Elsevier copy right permission license number: 4731421258236)
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Linear microcracks are sharply defined cracks around 50–100 µm in length, when seen in
bone cross-sections. In three dimensions, they are elliptical planes of separation within the bone
tissue, running ~ 300-500 µm in the longitudinal plane of the bone. They form under repetitive
(cyclic) loading that bone experiences during normal physical activity (Figure 1.7). In bone, these
microcracks normally go unnoticed clinically in a normal healthy skeleton as they undergo a
remodeling-based repair. However, under certain conditions (too much loading or too little repair),
microcracks can grow incrementally during fatigue and eventually cause fatigue failure [Burr
2011].
Diffuse damage has very different characteristics. It consists of networks of small
sublamellar size-cracks, differing from linear microcracks not only in length scale but also with
the hierarchical level of structure at which they occur (Figure 1.7). This damage type was first
identified by Boyce at al [Boyce at al. 1998] in fatigue loaded cortical bone samples based on the
pooling of basic fuchsin stain, indicating that the bone matrix had become permeable after loading.
Boyce further speculated that this change in permeability of bone matrix in diffuse damage areas
resulted from ruptures at the level of mineral and collagen fibers in bone matrix [Boyce, Fyhrie et
al. 1998]. Parsamian and Norman 2001 suggested that the diffuse damage resulted from breakdown
in the canalicular network, as well as fracture of hydroxyapatite crystal surrounding the collagen.
Subsequent high-resolution microscopy studies demonstrated separating mineral aggregates from
each other and from the surrounding organic matrix [Parsamian and Norman 2001].
Diffuse damage has since been shown in human cortical and trabecular bone biopsies
Vashishth 2000 and Wenzel 1996 detected linear microcracks and diffuse in human cortical bone
and vertebral cancellous bone tissue [Vashishth 2000 and Wenzel 1996]. Vashishth 2000 reported
no age –dependent accumulation of diffuse damage among groups.
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Diffuse damage is formed more readily in tensile regions of bone, whereas typical linear
microcracks are found in shear or compression loaded bone areas. Diffuse damage is its own
unique damage mode and is not the precursor of linear microcracks. Most importantly, diffuse
damage occurs very rapidly after the onset of even modest cyclic loads. The creation of numerous
tiny failures at nanostructural interfaces in bone dissipates large amounts of energy without
creating larger cracks that can more readily cause fracture [Seref-Ferlengez et al. 2014; Schaffler
et al. 1998].

Figure 1.7 Images of in vivo linear microcracks (a: under bright-field microscopy; b: under a
laser confocal microscope) and diffuse damage (c: under bright-field microscopy; d: under a
laser confocal microscope) in human cortical bone. Scale bars=50 μm [Diab and Vashishth
2007]. (Elsevier copy right permission license number: 4731421470344)
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1.8 Applied loading and damage mechanism
Linear microcracks and diffuse damage, naturally occur in human bones due to
physiological loading [Vashishth et al. 2000; Schaffler et al. 1995, Seref-Ferlengez et al. 2015].
Physiological loading of bone is both repetitive and stereotypic in that a given bone is
habitually loaded predominantly in the same direction. Therefore, thus in addition to cyclic
loading, bone undergoing loading in running, for example, also experiences a mean stress that is
greater than zero (even during cyclic loading). Thus, in their seminal studies, Carter and Caler
demonstrated that both cyclic-dependent and time-dependent (“creep-like”) components in
unidirectional loading of bone contribute to fatigue failure [Carter and Caler 1983, 1985].
The failure mechanisms that create diffuse damage are not well understood. Diab et al 2007
reported no association between lamellar orientation and diffuse damage, which indicates that
diffuse damage originates below the lamellar length scale (< 1–3 μm). That observation was
consistent with an earlier fractography study in which initiation of fracture in bone was shown to
occur at the level of mineralized collagen fibrils (≤ 1 μm) [ Vashishth et al 2007]. Thompson and
co-workers [Thompson et al. 2001; Fantner et al. 2005] proposed that bone consists of mineralized
collagen fibrils and a non-fibrillar organic matrix, which acts as a 'glue' that holds the mineralized
fibrils together. They suggested when the mineralized collagen is pulled, there are sacrificial bonds
that can be broken such that collagen can tolerate the loads and stay intact. Therefore, “sacrificial
bonds” represent the first energy dissipation mechanism that is found during the pre-yield phase
of static loading or fatigue. Rupture of sacrificial bonds thus allows bone to resist the separation
of the mineralized collagen fibrils. This mechanism implicates the non-collagenous proteins as
osteopontin [Fantner et al. 2007] and/or osteopontin-osteocalcin complex [Poundarik, Diab et al.
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2012] acting like glue between the collagen and mineral. These recent data suggest that these bond
break and reform back quickly after the unloading [Thompson et al. 2001; Fantner et al. 2005].
In an elegant recent paper, Poundarik and coworkers proposed that smallest scale of
permanent damage starts as `dilatational bands which are characterized by a localized increase in
porosity or dilation in granular materials. Dilatational bands are distinct ellipsoidal voids ∼100 nm
in size that form due to disruption at the boundaries between mineral and organic matrix. They
proposed OC and OPN are two proteins that regulate dilatational band formation. In their studies
they proposed that osteocalcin (OC) and osteopontin (OPN) are directly associated with mineral
or mineral–collagen complexes. Osteocalcin binds strongly to bone hydroxyapatite mineral and
through osteopontin it links to collagen (figure1.8). Therefore, osteocalcin is a strong candidate
for providing a mechanical function in bone. Osteopontin also binds strongly to bone mineral and
participates in the rupture and reformation of “Ca2+-OPN sacrificial bonds”. Dilatational bands
vary in density and are distinct from the submicroscopic cracks within the diffuse damage areas.
They showed that dilatational bands originated within the fused mineral aggregates that are known
to exist in the region between mineralized collagen fibrils [Poundarik et al. 2012].

Figure 1.8 Dilatational band formation in bone. Schematic shows dilatational band
formation and subsequent collagen fibril rupture and slippage [Poundarik et al. 2012]. (copy right
permission from Dr. Vashishth)
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They proposed formation of dilatational bands, or separations of mineral-osteocalcin
adhesion occurs before any collagen fibril deformation or separation of mineralized fibril. These
bands grow in size and number and cause matrix failure at the next level of bone hierarchy, in the
form of diffuse damage, and through rupture and separation of mineralized collagen. They reported
fused mineralized aggregates are indeed of the same order (∼100 nm) as the size of dilatational
bands. These dilatational bands are suggested to be the precursor for diffuse damage formation.
[Poundarik et al. 2012].
1.9 The effect of microdamage accumulation on mechanical properties of bone
Fatigue or cyclic loading that is characterized by the formation and propagation of microscopic
damage within the matrix of bone leads to failure in all material. In fatigue loading, damage in
bone accumulates and other fiber-reinforced composites and causes deterioration in bone
mechanical properties, e.g., stiffness, strength and toughness [Carter and Caler 1985; Burr et al.
1998; Schaffler 2003]. The accumulation of microdamage in fatigue loading, and the loss of
material properties it causes, are nonlinear processes; which occurs in three distinct phases, as
summarized in Figure 1.9 showing cyclical loading, microdamage accumulation and the resulting
modulus changes. In phase I, damage initiates and modulus drops relatively quickly. Phase II is
dominated not by further crack initiation but rather by interactions between existing damage and
the local microstructure as the toughening mechanisms that limit microcracks such as lamellae,
osteons and other porosities come into play. Crack growth during the second phase absorbs energy
but does not cause much change in the stiffness or strength. In fact, the greatest part of the useful
life of engineered and biological composite materials (including bone) is in phase II of the fatigue
loading history––after the initial matrix damage has occurred. Finally, in phase III, the amount of
damage eventually overwhelms the action of the internal matrix interfaces (i.e., toughening
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mechanisms), microcracks start to coalescence and the material properties start to decay very
rapidly leading to outright fatigue failure.
Among the damage type that drive the loss of bone stiffness in fatigue, diffuse damage
plays an early dominant role. Burr et al. found that early stiffness loss in whole bone fatigue was
linearly correlated to damage area while the relation between stiffness loss and later microcrack
accumulation exponentially increased stiffness loss [Burr et al. 1998]. Moreover, they found that
linear microcracks were detectable only after >10% stiffness loss. Similarly, Parsamian and
Norman reported that diffuse damage forms in the early stages of fatigue loading but the first linear
microcracks appear only after 10-15% stiffness loss [Parsamian and Norman 2001]. Herman et al.
confirmed this damage evolution in vivo in fatigue loaded rat ulnae, showing that microdamage
formation does not depend on the duration of loading or number of loading cycles but is highly
correlated with the stiffness loss [Herman, Cardoso et al. 2010]. These data are highly consistent
with the results and prediction of Carter and Caler nearly a decade earlier.

Figure1.9 Fatigue loading causes microdamage accumulation and modulus loss in three different
phases [Seref-Ferlengez et al. 2014].
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1.10 The effect of microdamage accumulation on bone toughness
Microdamage accumulation in bone and other fiber reinforced composites impairs fracture
toughness, the ability of material containing a crack to resist fracture, to an even greater extent
than it does strength and stiffness [Ritchie et al. 2008]. Microdamage in bone acts like defects that
markedly lower the energy needed to fracture the bone in a single episode [Lambers et al. 2013].
However, up to a point damage can provide a toughening mechanism in bone [Vashishth et al.
2003]. Specifically, when microdamage occurs it dissipates energy at natural interfaces and
prevents the acute fracture of bone from small cracks. Diffuse damage, because of the large number
of interfaces formed during the damage process, seems to be the more effective than linear
microcracks in terms of energy absorption. Vashishth et al. used a fracture mechanics approach to
demonstrate that the application of tensile loading results in the formation of microdamage in the
form of a diffuse array of microcracks that originates at the level of mineralized collagen fibrils (>
1 μm). The authors reported that linear microcracks toughen the bone by releasing surface energy
from the surface of new cracks [Vashishth et al. 2003]. Moreover, Diab and Vashishth applied
fracture mechanics tests on cyclically bended cortical bone samples and showed the diffuse
damaged bone dissipates higher energy compared to those with linear microcracks during the early
phase of fatigue [Diab and Vashishth 2005]. Nalla and coworkers studied the role of microcracking
in toughening and proposed the occurrence of uncracked ligaments as a major toughening
mechanism in bone. An ‘uncracked ligament’ involves microdamage that arrests a propagating
crack and initiates a new crack. They proposed that the magnitude of microcrack induced
toughening in bone is based on the occurrence of limited microcracking near the crack tip [Nalla
et al. 2003, 2004 and 2005]. Analogous to engineered composites, several toughening mechanisms
assist to inhibit crack growth. Mineral crystals, collagen fibers, lamellae, lacunae, cement lines
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and osteons all characterize structural interfaces where damage formation occur and also prevent
or stop microcrack growth [Seref-Ferlengez et al. 2015].
Parsamian and Norman studied the toughening behavior of diffuse damage. They showed
a significant correlation between crack growth toughness and diffuse damage area; small crack
formation resulted in an increase in bone toughness until the first linear microcracks started to
appear [Parsamian and Norman 2001]. Therefore, toughening mechanism in diffuse damage is
associated with the formation of diffuse damage in the frontal process zone of crack tip is proposed
to be function as the toughening increment [Parsamian and Norman 2001; Diab and Vashishth
2005]. Turner and coworkers studied the post yield behavior of human compact bone after the
fatigue experiment. They reported bone specimens that are fatigued to the higher fatigue levels
(30% modulus loss) showed proportional losses of bone strength (~30% reduction) and losses in
work to fracture and post yield displacements on the order of ~70% compared with control, nonfatigued bone [Burr et al. 1997]. Microdamage accumulation due to an imbalance between damage
and intrinsic repair processes underlies the development of stress fractures and may play a
significant role in the increased bone fragility associated with aging and osteoporosis [Schaffler
2003].
Finally, microdamage accumulation in bone has an enigmatic beneficial role in terms of
energy dissipation in addition to its obvious role in ‘weakening’ bone. These data confirm that
accumulation of fatigue damage in bone causes a moderate decrease in bone strength but a
disproportionate loss of toughness and the ability of bone to withstand a catastrophic fracture
[Lambers et al. 2013]. Further investigations are needed in order to measure qualitatively and
quantitatively microstructural features including crack initiation and crack growth in repaired
diffuse damage regions and diffuse damage area compare to control bone.
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1.11 Microdamage repair mechanism
Bone, unlike engineered materials, has the ability to repair the microscopic cracking or
microdamage that consequences from wear and tear (i.e., fatigue) through targeted, osteoclastmediated bone remodeling. This capability is crucial for preservation of its structural integrity and
quality; failure of the skeleton to effectively repair microdamage leads to accumulation of damage,
which is a main contributor to bone fragility [Seref-Ferlengez et al. 2014]. Frost was the first to
report the existence of linear microcracks in human bone. He suggested osteonal remodeling as
the repair mechanism to remove and replace areas of damaged tissue [Frost 1960]. Cardoso et al.
showed that osteocyte apoptosis is necessary to initiate intracortical bone remodeling in response
to fatigue microdamage. They indicated that early apoptotic events after fatigue-induced
microdamage might play a substantial role in defining the following course of tissue remodeling
[Cardoso et al. 2009]. Moreover, Kennedy and colleagues reported that when caspase inhibitors
prevent osteocyte apoptosis, remodeling does not occur. This confirms the vital role played by
osteocyte apoptosis in the signaling mechanism [Kennedy et al. 2012]. Moreover, Kennedy and
coworkers showed that preventing the apoptosis of osteocytes near fatigue-induced damage
prevents the upregulation of RANKL in the viable osteocytes, confirming that osteocyte apoptosis
is not only critical for repair of damage but also that the dying osteocytes communicate with
adjacent viable osteocytes that actually control the signals for repair [ Kennedy et al. 2014].
Herman et al. in our laboratory showed that diffuse damage in rat ulnae did not activate
resorption and more surprisingly, did not cause the localized osteocytes apoptosis that activates
and targets remodeling of typical linear micro cracks. Seref-Ferlengez et al. in our laboratory
discovered that small crack damage bone could be repaired without bone remodeling; they suggest
that alternative repair mechanisms exist in bone to deal with submicron-sized matrix cracks. They
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used a rat ulnae creep model to selectively induce diffuse damage without generating linear cracks
as well. However, 14 days after loading these bones stiffness losses were totally recovered to
control levels. Moreover, there was no evidence of osteocyte apoptosis, consistent with the absence
of bone remodeling [Seref-Ferlengez et al.2014]. Ritchie and coworkers studied the effect of aging
on the mineral phase of dentin or transparent (or sclerotic) dentin. In transparent dentin, the
dentinal tubules become occluded with mineral as a natural progressive consequence of aging.
They revealed that the intertubular mineral crystallites were smaller in transparent dentin, and that
the intratubular mineral (larger crystals deposited within the tubules) was chemically similar to the
surrounding intertubular mineral. They suggested that the intratubular mineral had nanometer-size
grains. Their observations support a “dissolution and reprecipitation” mechanism for the formation
of transparent dentin [Porter et al. 2005]. In other mineralized tissues, such as dentin and enamel,
and some novel engineered materials direct repair of sub-micron size cracks occurs. Enamel is
unable to undergo cell-mediated regeneration and thus relies only upon physicochemical repair
mechanisms to reform its original full mineral concentration [Simmer 1995]. A transient precursor
strategy – the conversion of amorphous calcium phosphate (ACP) to HAP – is another possible
repair mechanism in hard tissue. Wang and collaborators showed that nanoparticles of bone
mineral in intact bone samples have an intrinsic ability to organize themselves when a layer of
water is bound to their surfaces even in the absence of organic molecules. They suggested this
surface-bound water is maintained only in the presence of highly hydrated amorphous coating of
mineral particles. Without this hydrated amorphous coating, the mineral nanoparticles will be
organized randomly. They suggested a water-based slurry could also be a reusable glue: if the bond
between mineral platelets is broken, it could be easily restored as soon as the particles come into
close proximity again, reestablishing the original structure. They reported that the mechanism for
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gluing the mineral particles of bone to each other and to the organic matrix might help to explain
the fracture toughness of bone [Wang et al. 2013].
In addition, alteration in local mineralization regulators (DMP1, OC, MEPE, Phex)
proteins by osteocytes within diffuse damage site may be considered as a possible self-repair
mechanism. Shiba et al., reported non collagenous protein like Dmp1 facilitated reorganization of
the internal structure of amorphous particles into ordered crystalline states (transformation of ACP
to HAP), thereby acting as a nucleus for precipitation of crystalline calcium phosphate.
These findings raise questions about how localized matrix damage in bone undergo selfrepair and to what extent. The direct mechanisms underlying diffuse damage repair is unknown
and further investigations are needed. The overall purpose of this study is to investigate self-repair
mechanism of diffuse damage and examine in detail the nature of the mineral repair process that
is essential to restore mechanical properties. We want to understand whether healing of diffuse
damage is controlled by osteocytes or by other physicochemical mechanisms.
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1.12 Summary
Bone, unlike engineered materials, has the ability to repair the microscopic cracking or
microdamage caused by wear and tear (i.e., fatigue) through targeted, osteoclast-mediated bone
remodeling. This capability is crucial for preservation of its structural integrity and quality; failure
of the skeleton to effectively repair microdamage leads to accumulation of damage, which is one
of the main contributors to bone fragility. Linear microcracks (50-100 µm) and diffuse damage
(sub-micron) are the two microdamage types [Seref-Ferlengez et al. 2015]. Herman et al. in our
laboratory showed that diffuse damage in rat ulnae did not activate resorption and more
surprisingly, did not cause the localized osteocytes apoptosis that activates and targets remodeling
of typical linear micro cracks [Herman et al. 2010]. Also recently, Seref-Ferlengez et al. in our
laboratory showed that small crack damage bone could be repaired without bone remodeling;
suggesting alternative repair mechanisms exist for submicron-sized matrix cracks in bone [SerefFerlengez et al., 2015]. These discoveries raise questions about the mechanism(s) by which
localized matrix damage in bone undergoes self-repair and whether of overall mechanical integrity
is completely restored. The underlying mechanism(s) of this self-healing of small crack are not yet
known, but speculations include a remineralization type mechanism analogous to tooth enamel
repair [Seref-Ferlengez et al. 2014] and re-attachment of the mineral to the non-collagenous
proteins (OCN and OPN) [Zappone, Thurner 2008]. Our working hypothesis is that small
(“diffuse”) crack damage repairs principally through a physicochemical mechanism that
restores integrity of the bone mineral and the tissue mechanical properties, with no
significant change in the organic component of the bone matrix.
The objectives of this work are:
(1) Characterize the changes in bone mineral that occur in diffuse damage and repair

(2) Determine the role of physicochemical remineralization in repair of diffuse damage in
bone.
(3) Identify possible changes in collagen fibril structure in diffuse damage and repair
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Chapter 2 Bone mineral changes in diffuse damage and repair
2.1 Introduction
Bone microdamage is a result of fatigue, creep or ‘wear and tear’ caused by physiological
activities and largely contributes to bone fragility [Seref- Ferlengez et al. 2014; Martin 2003].
There are two principal types of bone microdamage: linear microcracks, and “diffuse” or “smallcrack” damage. Linear microcracks are sharply defined cracks around 50–100 µm in length, when
seen in bone cross-sections. In three dimensions, they are elliptical planes within the bone tissue,
running ~ 300-500 µm in the longitudinal plane of the bone They form under repetitive (cyclic)
loading that bone experiences during normal physical activity (Figure 2.1). In healthy bone, these
microcracks trigger targeted osteonal remodeling of the bone which repairs the damaged locus by
first resorbing the damaged tissue and then infilling the resorption space with new lamellar bone.
In contrast, diffuse damage has very different characteristics. It consists of networks of
small sublamellar size-cracks. The creation of numerous tiny failures at nanostructural interfaces
in the bone matrix dissipates large amounts of energy without creating larger, more dangerous
cracks that can readily cause fracture. Most significantly, diffuse damage is common and occurs
readily and rapidly after the onset of even modest cyclic loading [ Carter and Caler 1985; SerefFerlengez et al. 2014].
Given the importance of diffuse damage in dissipating loading energy in bone,
understanding the mechanism(s) of nanostructural failure in healthy, aging or diseased bone
potentially has high significance for the prevention of bone fragility. However, little is known
about the on the actual nano-level failure locations in the bone matrix and mechanisms underlying
diffuse damage. It is speculated that diffuse damage represents failures through natural interfaces
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in the matrix, such as between mineral plates within aggregates or by debonding of bone mineral
from the surrounding organic matrix. The few detailed analyses of diffuse damage that have been
done on ex vivo loaded bone lend support to these ideas [Gupta, Seto et al. 2006; Fantner, Adams
et al. 2007; Hoo, Fratzl et al. 2011; Poundarik, Diab et al. 2012], as do the recent studies of diffuse
damage induced in vivo in rodent compact bone performed by Seref-Ferlengez in our laboratory
[Seref-Ferlengez et al 2014]. Poundarik and coworkers proposed that the smallest scale of
permanent damage starts as dilatational bands that correspond to disruptions at the boundaries
between mineral and organic matrix.

They further proposed that osteocalcin (OCN) and

osteopontin (OPN), which have been shown to regulate (‘glue’) the mineral and collagen complex
together [Fantner, Adams, 2007], constitute the locations of the earliest failures that evolve into
diffuse damage.
Until recently, little was known about the fate of diffuse damage in healthy, living bone.
Herman et al discovered that diffuse damage in rat ulnae did not activate intracortical resorption,
and further found that diffuse damage did not cause the localized osteocyte apoptosis that is
required to activate and target the osteoclastic remodeling of linear microcracks [Bentolila et al.
1998; Herman et al. 2010; Kennedy et al. 2012]. This raises the intriguing question of what
happens to this type of damage during life. Seref-Ferlengez et al began to investigate this question
by using a modification of the rat ulnar loading model to selectively introduce diffuse damage in
living bone and following its natural history [Seref-Ferlengez et al. 2014]. They discovered that
diffuse damage diminished both mechanically and structurally over time - providing the first direct
experimental evidence for a matrix level self-healing of sub-lamellar level cracking in bone. The
underlying mechanism(s) for this self-healing of small crack damage are not yet known, but
speculations include a type of remineralization analogous to tooth enamel repair [Seref-Ferlengez
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et al. 2014] and re-attachment of the mineral to the non-collagenous proteins (OCN and OPN)
[Zappone, Thurner 2008].
The studies described below focused on understanding the mechanism by which diffuse
damage forms (i.e., what ‘breaks’ at the matrix level) as the critical first step to our understanding
how bone material can function to dissipate excessive loading energy. Moreover, understanding
what breaks in diffuse damage is also essential to understanding how that damage undergoes repair
in living bone. Accordingly, we carried out two studies with the objective of characterizing how
the composition and structure of bone might be modified during diffuse damage and its subsequent
repair. We first used Raman Spectroscopy to assess matrix compositional changes associated with
diffuse damage and its repair after creep loading in vivo. Then in a second group of studies we
applied Small Angle X-ray Scattering (SAXS) to investigate the corresponding nanostructural
changes of hydroxyapatite crystal thickness (T) and alignment. These studies examine in detail the
nature of a mineral repair process that is essential to restore mechanical properties resulting from
a novel form of bone microdamage. Defining this damage-and-repair process has the potential to
profoundly alter our understanding of skeletal physiology and bone tissue homeostasis.

2.2 Materials and Methods
2.2.1 In vivo diffuse damage and repair: Compositional and X-ray Scattering Studies.

Diffuse damage (Dif.Dx) was induced in the ulnar diaphysis of young adult rats following
the method developed by Seref-Ferlengez et al (2014) in our laboratory. That method was used
for the seminal discoveries that first revealed that diffuse damage in living bone heals directly,
without bone remodeling Under isoflurane anesthesia, creep-loading was applied to the ulna using
an electromagnetic loading system (Electroforce 3200, Bose Corp., MN, USA). The forelimb was
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held between two brass cups via the olecranon and flexed carpus. The ulna was first subjected to
a short preconditioning to let soft tissue around the elbow and wrist settle into the cups. Static
(creep) loads was then applied under load control (16N) and deformation was monitored using the
system LVDT. As in our previous studies, the creep endpoint used for these studies was a ~15%
stiffness loss, which induces a consistent level of exclusively Dif.Dx in a discrete region of the
ulnar diaphyseal cortex (Fig 2.1B, C). For acute loading studies, rats were euthanized immediately
after loading. For survival studies, animals received appropriate analgesia for 2 days after loading
and were otherwise allowed normal cage activities. After a 2 week recovery period to allow
healing, the contralateral limbs were loaded to provide an acute loading baseline for each animal;
survival rats were euthanized immediately after the second loading, without recovery from
anesthesia. All animal procedures were IACUC approved.
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Dif. Dx Zone: cross section.
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100 μm

Dif. Dx Zone: longitudinal section

D

Figure 2.1 (A) Schematic for end-load bending alignment. Rat forelimb held between olecranon
and flexed carpus by two brass cups. The load applied by an actuator linked to the linear variable
differential transformer (LVDT) and the load cell is beneath the bottom cup and connected to the
LVDT with closed loop system. Fluorescence photomicrographs of creep-loaded rat ulnae
showing (B) Diffuse damage location in the ulnar diaphysis (C, D) Shows diffuse damage areas
in Acute‐Loaded ulnar cross section and longitudinal section.

2.2.2 Compositional characteristics of normal, diffuse damaged (Dif.Dx) and repaired
compact bone: Raman Spectroscopy analyses
Raman spectroscopy has been recognized as a useful tool for compositional analysis in
bone tissue at micron-scale spatial resolution [Raman 1928; Morris et al. 2011; Yerramshetty and
Akkus, 2008]. Raman spectroscopy is a vibrational spectroscopy method to asses light scattered
from biologic molecules and ions. Raman scattering happens when molecules interact with small
portions of light (107 photons), causing it to lose energy and be scattered at longer wavelength. The
wavelength difference between scattered light and incident light corresponds to molecular
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vibration energy [Raman 1928; Morris et al. 2011; Yerramshetty and Akkus, 2008]. Raman
spectral band positions are particular to specific chemical groups, allowing for their identification
in chemical mixtures. In addition, Raman spectroscopy is non-destructive and is based on
reflectance, so it can be used with thick sections. The Raman spectra of bone tissue provide us
with much information about the structure and composition of the mineral and collagen
constituents of bone [Carden et al 2000, Morris et al 2004]. Figure 2.2 from Morris et al 2011
provides an overall view of the typical Raman spectra from a bone sample showing the main
mineral and matrix bands. The phosphate ν1 band at ~960 cm-1 and the B-type carbonate ν1 band
at ~1070 cm-1 are the key Raman mineral bands [Penel et al. 1998; Awonusi et al. 2007; Morris
et al. 2011]. The band positions, amplitudes and shapes (spread and secondary peaks) of the
phosphate and carbonate bands give information on mineral parameters such as crystal structure,
crystallite size and deviations from stoichiometry [Penel et al. 1998, Awonusi et al. 2007; Morris
et al. 2011]. These bands are highly sensitive to local alterations of the mineral structure resulting
from mechanical deformation, genetic defects or disease [Timlin et al 2000; Freeman et al 2001;
Carden et al. 2003; Morris et al. 2004; Ager III et al. 2005; Carmejane et al 2005; Gamsjaeger et
al. 2010; Gong et al. 2013; Wopenka et al. 2005; Crane et al. 2006]. The amide I envelope at
~1660-1680 cm-1, hydroxyproline bands at 855 cm-1 and 875 cm-1 amide III envelope at 12451270 cm-1 and methylene wag at 1450 cm-1 are the principal protein bands, and are due mostly
to collagen because it is by far the most abundant protein in bone matrix. Amide I is most typically
reported as an index for collagen 1 [Wallace et al. 2010; Tarnowski et al. 2002; Gamsjaeger et al.
2010; Gong et al. 2013; Timlin et al. 2000; Mc Creadie et al. 2006; Morris et al. 2011] . The band
locations, intensities and widths of these matrix signals are sensitive to alterations in protein
secondary structure and deviations in collagen hydrogen bonding.
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Typically, bone composition has been characterized using four Raman-derived ratios:
mineral to matrix ratio (MMR), mineral crystallinity, carbonate to phosphate ratio and collagen
crosslinking. MMR is a measure of the mineral content in bone is calculated as the ratio of band
height or area of the phosphate ν1 band to that of amide I or hydroxyproline band. Crystallinity is
calculated from the width of the phosphate ν1 band and is an indicator of mineral crystal size and
also depends on disorder and strain in the crystallites [Wopenka et al. 2005]. Carbonate to
phosphate ratio is calculated as the intensity ratio of the carbonate ν1 to phosphate ν1 peaks and
denotes the carbonate content of the mineral in the bone specimen. Collagen crosslinking is the
area or height ratio of amide I 1680 cm-1 component to the 1660 cm-1 component [Wopenka et
al. 2005; Crane et al. 2006].

Figure 2.2 Raman spectrum from the tibia of 6-week-old mouse bone [Morris et al. 2011](copy
right permission from Dr. Morris)

Raman studies were performed on 100 µm thick, polished bone sections from experimental ulnae
(n=3 ulnae per group). Bones were stained using basic fuchsin to visualize diffuse damage [SerefFerlengez, 2014] and then embedded in methacrylate for sectioning and polishing to 100 µm
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thickness.

Raman spectra were collected by a WITecAlpha-300R Plus confocal Raman

microscope (Ulm, Germany), and were conducted in collaboration with Dr. Richard Mendelsohn
at Rutgers University, Newark. Data were collected using 785 nm excitation, with a 0.5-mmdiameter spot size. Spectra were sampled using a 100X magniﬁcation oil immersion objective
(N.A. =1.25). Raman spectra were acquired from Dif.Dx zones (as visualized from basic fuchsin
staining of Dif.Dx), the equivalent areas in repaired ulnae and non-damaged bone in each bone,
with 20 spectra in the regions of each section; results were averaged per bone. Data acquisition
and analysis were performed using the microscope system WITec Project plus 4.1 software.
Spectra were normalized with respect to strongest phosphate band heights using Matlab and
baseline corrections were made to all peaks. Three band areas were determined: phosphate band
(960 cm−1), carbonate band (1070 cm−1), and Amide I band (1620 to 1700 cm−1). Mineral/matrix
ratios were obtained by dividing the integrated band areas of phosphate to amide I.
Carbonate/phosphate ratios were calculated by dividing carbonate band areas by phosphate band
areas which reflects carbonate substitution for phosphate in crystal lattice. Mineral crystallinity
information was determined by taking the inverse of full-width at half-maximum (FWHM) for the
phosphate band (crystallinity = 1/FWHM).

2.2.3 Bone mineral characteristics of normal, diffuse, damaged (Dif.Dx) and repaired
compact bones: Small-angle X-ray scattering (SAXS) studies
Small Angle X-ray Scattering (SAXS) has been widely used to define the mineral plate
dimensions in bone samples. In the current studies, we used this approach to test whether
hydroxyapatite mineral crystal size and/or alignment are altered during the formation of diffuse
damage in bone in vivo, and how they change after repair.

37

Control, Dif.Dx and 14-day Repair ulnae were obtained for longitudinal sections (n=2
ulnae per test group). Bones were stained in basic fuchsin in ethanol in order to visualize
microdamage, then embedded in methyl methacrylate for sectioning. Longitudinal sections were
cut from the convex periosteal surface of the ulnar mid-diaphysis until the Dif.Dx region was
reached, which was located ~50 µm in from the periosteal surface. Sections from the Dif.Dx region
were polished to 150μm thickness and the location of diffuse damage region mapped using
fluorescence microscopy. As diffuse damage in this model is highly consistent among ulnae in
terms of where it occurs along the length of the diaphysis and depth from the convex periosteal
surface [Torrance et al. 1994; Kotha et al. 2004; Seref-Ferlengez et al. 2014], equivalent sections
could be readily obtained from control and repaired ulnae. After mapping the sections to select
the regions of interest, three brass foil indicators were applied in order to identify the position of
ROI’s/sample spots for SAXS studies, as summarized in Fig 2.3.

A

B

C

Figure 2.3 (A) Showing the setup of a longitudinal bone section with respect to the X-ray
beam in the X-ray scattering and diffraction experiments. (B) Confocal photo micrograph of
longitudinal section, showing three brass foil indicators are used to precisely locate sample spots
in SAXS sample chamber. The indicators transfer coordinates from confocal microscopy system
to SAXS system. (C) Nanography plot showing three brass foil indicators in order to identify
position of counterpart regions in each sample group.
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2.2.4 X-ray scattering studies – Measurements and Data evaluation
X-ray diffraction (XRD) has been a powerful technique to examine material structure at
the level of atomic arrangement. It is used for categorizing the atomic and molecular structure of
a crystal, in which the crystalline atoms cause a beam of incident X-ray to diffract, producing a
map of x-ray intensities determined by the density of electrons within the crystal. From this
electron density, the mean positions of the atoms in the crystal can be determined, as well as their
chemical bonds, their disorder and various other information[Bragg 1926].
In contrast to XRD, which requires isolation of small particles of the material, Small-Angle
X-ray Scattering (SAXS) is based on collective measurement of millions of electron dense
particles within a matrix. In bone, SAXS has been used for samples from 3-200 μm thickness [
Fratzl et al. 1992]. As SAXS is used for bulk samples, the resulting data always refer to an average
value of a particle parameter, within the volume transmitted by the X-ray beam. In bone, SAXS
gives information about the size, shape, and predominant orientation of the nanometer-sized
mineral particles. Wide-angle X-ray diffraction (WAXD) allows the characterization of structural
factors, describing size and crystallographic orientation. Wide-angle X-ray scattering is the same
technique as small-angle X-ray scattering (SAXS) only the distance from sample to the detector is
shorter and thus diffraction maxima at larger angles are observed. The basic principle of an X-ray
scattering setup, where the incident beam is scattered on the sample and measured by the 2D
detector is shown in Figure 2.4 [Turunen et al. 2016].
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Figure 2.4 Basic principle of an X-ray scattering setup, where the incident beam is scattered on
the sample and measured by the 2D detector [Turunen et al. 2016]. (Elsevier copy right permission
license number: 4731040457367)

SAXS represents the elastic scattering of X-rays at low scattering angles (0.1°-5°), which
determine the relationships between scattered intensity (I), scattering vector (q) and azimuthal
angle (χ) allow estimation of thickness, orientation; the scattering vector q is given by 4sin(θ)/λ (λ
is the wavelength of x-rays (0.154 nm) and θ is the angle between the x-ray beam and detector
[Glatter et al 1982]. The scattering intensity and the scattering distribution around the incident Xray beam provided information about the size and the arrangement of the mineral particles in the
bone disregarding, whether these particles were crystalline or amorphous. In a two phase system,
such as bone, the dissimilarity in the average electron density and thus the scattering length
densities of the two phases is stated to as scattering contrast. In bone this contrast originated from
the two phases, mineral and collagen. Besides differences mean electron densities these two phase
systems should have sharp interfaces between them [Porod, 1951].
In the present study in order to characterize in vivo response of mineral platelets at
nanometer scale in diffuse damage, Survival and Control longitudinal sections, SAXS was the
principal mode for our studies. 2-D SAXS and WAXD spectra were acquired on a Bruker
Nanostar-U (Bruker, Switzerland) with a rotating anode, turbo copper x-ray source and a noise-

40

free Hi-STAR 2-D detector with real-time photon counting ability. Studies were performed at the
Small-Angle X-ray Scattering facility of The Center for Biotechnology & Interdisciplinary Studies
at Rensselaer Polytechnic Institute, in collaboration with Professor Deepak Vashishth. Before
starting each SAXS measurement, x and y coordinates of the beam center and the sample-todetector distance for each measurement was calibrated using Silver Behenate (AgBh) a standard
[Hammersley, 1997]. Next, the X-ray transmission of the sample was measured using a diode,
leading to an X-ray image of the sample to allow localization of the ROI’s for SAXS
measurements. One longitudinal section per bone from was used for analysis. Measurements for
these section required 96-hours of beam time at RPI (a facility where usage is highly limited).
Sampling was performed using a small beam size (1μm) and a minimum of 20,000 single scattering
patterns were obtained for each sample. Spectra were acquired at the ROIs for each section. For
data evaluation and reduction, we used Datasqueeze Version 3.0.11, a graphical interface for
analyzing data from 2D x-ray detectors.
Two standard intensity profiles are assessed from spectral data: 1) the Radial intensity
profile, which is dependent on the length of the scattering vector and 2) the Azimuthal intensity
profile, which is dependent on the azimuthal angle χ of the 2D data. Crystal dimensions are
obtained from the radial profile and alignment derives from the azimuthal profile.
The radial intensity profile I(q) is obtained by binning all pixels with the same radial
distance q to the beam center (Figure 2.5). This radial plots I (q) is used for the calculation of the
T-parameter [Pabisch et al. 2013].
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Figure 2.5 Radial plot (left) of the integration in azimuthal direction of a SAXS pattern (right)
[Pabisch et al. 2013] (Elsevier copy right permission license number: 4731040457367)

Fratzl’s method can be used to calculate a size factor using Porods’ Law, which is based on
a continuum description of Intensity vs Bragg’s law (atomic level) [ Fratzl et al. 1992].
𝑷＝ 𝑰(𝒒) ∗ 𝒒𝟒 (𝒇𝒐𝒓 𝒍𝒂𝒓𝒈𝒆 𝒒) =

𝑻=

𝟒
∫ 𝒒𝟐 𝑰(𝒒)𝒅𝒒
𝝅𝑻

𝟒
∫ 𝒒𝟐 𝑰(𝒒)𝒅𝒒
𝝅𝑷

Using Porod’s law (P = Iq4), the Porod constant P was calculated for every 2-D spectrum
from regions (Porod regime) where Iq4 was constant using Datasqueeze software and a custom
Matlab code (figure 2.6). In cases where Iq4 steadily increased (rising curve regime), the slope’s
median Iq4 value was used. The Porod law allows for the calculation of surface to volume ratio,
or thickness of the mineral particles, by considering bone as a two-phase material of mineral and
organic phases where the mineral-organic interface is sharp [Fratzl, et al 1992]. Deviations from
Porod’s law interpreted to reveal information about the material organization. Kratky plots (q2I
vs. q), used to evaluate the area under the Kratky curve (J). Similar to Porod’s constant ‘P’, the
parameter J is an invariant and used in the computation of crystal thickness (4 J/πP) [ Fratzl et al
1996]. The calculation of the T parameter was based on the assumption that mineral volume
fraction was approximately 0.5.
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The Fratzl model has been widely used to determine the mineral plate thickness in bone
[Bunger et al., 2006; Fratzl et al., 1991, 1996a, b; Rinnerthaler et al., 1999]. The Fratzl model
requires specific assumptions for mineral phase fraction and T parameter based on the assumption
that mineral volume fraction was approximately 0.5. Although it would have been possible to
acquire data on the real width W of the plate-like mineral particles, this would have required
combining SAXS with quantitative backscattered electron imaging (qBEI) measurements to define
the volume fraction of the mineral particles; this analysis would have gone beyond the scope of
the current study [Zizak et al 2003].
Kratky-plot

Porod Plot
A

B

qPmin

qP max

Figure 2.6 Porod and Kratky plot of Rat ulna bone. (A) Porod-plot, showing the porod region,
defined by red lines representing the parameters for the T-parameter calculation qPmin and qP max.
The Porod constant P is defined by the intercept of the fit of the porod region with the y-axis. (B)
Kratky-plot

2): The azimuthal plot is obtained by integrating in radial direction of a scattering plot from 0360-degree angle (Figure 2.7).
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Figure 2.7 Azimuthal plot (A) of the integration in radial direction of a sample SAXS pattern
(B)[ Pabisch et al. 2013] (Elsevier copy right permission license number: 4731040457367)
ρ-Parameter is a measurement of the degree of alignment of the mineral platelets. The ρparameter defined as the ratio of the sum of the area under the peaks, A1 and A2, to the sum of the
total area including the background area B in Azimuthal plot. Since the two-dimensional scattering
patterns were typically elliptical, (Figure 2.9, Right), has two peaks which were separated by 180°
on top of a constant background, as shown in Figure 2.9. Those peaks gave directly the
predominant orientation of the mineral crystals. From SAXS curves, the orientation parameters
were acquired by fitting a Gaussian curve to the two symmetrical peaks of the azimuthal plot. For
a perfect alignment of mineral particles, ρ = 1 and the SAXS pattern is a narrow line perpendicular
to the long axis of the particles, while for randomly oriented mineral particles, ρ=0 and the SAXS
pattern is circular. Therefore, the ρ-parameter is the ratio of aligned particles to the total amount
of particles in the illuminated volume (Figure 2.8) [Fratzl et al., 2004; Aido et al., 2015].
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Figure 2.8 Azimuthal plot and degree of alignment [Pabisch et al. 2013 and Aido et al. 2015]
(Elsevier copy right permission license number: 4731040457367)

WAXD analyses were also used to measure mineral crystal lengths along the c-axis (002)
and widths in the ab-plane (310. The locations of the peaks were determined using the second
derivative of the scattering curve (Figure 2.9). For each peak, a Gaussian-Lorentzian curve with a
scale parameter was fitted. The corrected FWHM values for the (002) direction and (310)
reflections were then used to calculate the crystal dimensions along the c-axis and the ab-plane,
respectively, using Scherrer’s equation [Miller et al. 2014].
𝐷=

𝑘𝜆
𝛽𝐶os𝜗

where D is the average crystallite size corresponding to the chosen reflection, K is a constant
describing the crystal shape, λ is the X-ray wavelength, β is the FWHM after correcting for line
broadening, and ϑ is the scattering angle K was chosen to be 0.9.
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(002)
(310)

Figure 2.9 Integration of intensity over q. Mineral crystal reflections (002) and (310) for control

2.2.5 Statistical Analysis
Data from Raman studies are expressed as mean ± SD, and significance is reported at p <
0.01. GraphPad Prism software (v.7.0c), was used for all statistical analysis. One-way ANOVA
was used to compare differences among test groups with post-hoc analyses using Tukey's multiple
comparisons test.

2.3 Results
2.3.1 Raman Spectroscopy
The most obvious change noted was the development of a non-hydroxyapatite (HA)
phosphate species in diffuse damage regions, as evidenced from an additional small peak at 946
cm-1 vs the expected υ1 PO4 peak at 959 1/cm. Such peaks are caused by smaller calcium
phosphate species (Figure 2.10). The υ1 PO4 peak returned to normal (control) after 14 days
survival. There were no significant differences in mineral/matrix ratios among groups (Figure
2.11). Raman spectroscopy revealed a small decrease in crystallinity (increased FWHM) in Dif.Dx
bone compared to control (Figure 2.12), consistent with the development of smaller calcium
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phosphate species. Crystallinity in survival bone was similar to control bone (Figure 2.12). There
were no changes in carbonate/phosphate ratio among experimental groups (Figure 2. 13).

Figure 2.10 Raman spectroscopic evidence for development of a non-hydroxyapatite phosphate
species in diffuse damage regions, as evidenced from the additional small peak (arrow at 946 cm) on the expected 1 PO4 peak (959 cm-1). This peak is no longer present after repair. The

1

negative peak is related to PMMA subtraction.

Figure 2.11 Mineral/matrix ratio for Control, Dif.Dx and Survival. (No significant differences
p>0.18 using non-parametric ANOVA, n=3/group).
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Figure 2.12 Crystallinity for Control, Dif.Dx and Survival. There was a small decrease in
crystallinity (increase FWHM) in Dif.Dx bone compared to control, consistent with the presence
of smaller calcium phosphate crystal as seen in the spectra. This was not seen in survival/repair
bone. (No significant differences p>0.2 using non-parametric ANOVA, n=3/group).

Figure 2.13 A) Carbonate/phosphate ratio for Control, Dif.Dx and Survival. (No significant
differences p>0.2 using non-parametric ANOVA, n=3/group).
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2.3.2 Crystal parameters in control, Dif.Dx and Survival/Repair bone
SAXS studies revealed no difference in crystal thickness, width or length between control
and Dif.Dx tissue (Figure 2.14A, B, C). Crystal thickness and width in the survival/repair group
increased ~0.15- 0.2 nm (~1.5-2 Å) compared to control and diffuse damage bone (Figure 2.14A,
B). Degree of crystal alignment (ρ) decreased almost 15% in Dif.Dx areas compared to control
bone (Figure 2.14D). However, in Survival/repair bones, the degree of alignment was ~5% greater
than that in control bone levels (Figure 2.14D). We note that statistical comparisons were not
possible due small number of bones examined for SAXS and WAXD studies. The functional
implications of this increased in mineral thickness and alignment difference are not yet known, but
these data indicate that repaired diffuse damage areas of bone do return to the same nanostructure
as baseline tissue.

B

A

D
C

Figure 2.14 A) Average crystal Thickness (n=2/group) B) Crystal width ((a-b) plane) (n=1/group)
C) Crystal length (c-axis) (n=1/group) D) Degree of alignment (n=2/group) in control(Ctl), Diffuse
damage (Dif.Dx) and survival repaired tissue rat ulna from SAXS and WAXS studies.
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2.4 Discussion
Bone is a natural composite material with complex hierarchical matrix structure. The
formation and growth of microdamage in bone tissue is similar to engineered composite materials.
Unlike composite materials bone has the ability to repair the matrix microdamage. The repair of
linear microcracks by remodeling had been suggested first by Harold Frost in 1960 [Frost 1960;
Frost 1960] and then experimentally confirmed by many studies. However, previous studies from
our lab showed that diffuse damage has a different biological response such that it does not
activate remodeling [Bentolila, Boyce et al. 1998; Herman, Cardoso et al. 2010] and the biological
fate of diffuse damage in living bone is not fully known. Diffuse damaged bone dissipates higher
energy compared to those with linear microcracks during the early phase of fatigue [Diab and
Vashishth 2005]. It is still unknown what breaks and dissipates more energy in diffuse matrix
damage in living bone.
The studies from Seref-Ferlengez showed that diffuse damage is repaired in living bone
without intracortical remodeling. This repair was evident as structural and mechanical
restoration and it suggested that there is a direct repair mechanism in bone matrix. However, the
nature of this direct repair is currently unknown [Seref-Ferlengez et al. 2014]. The current
findings are vital in order to understand the failure mechanisms in small-crack damage so that
it will guide us while we examine the compositional alterations the during repair processes.
In the study we used Raman spectroscopy to understand whether the matrix composition
is modified during diffuse damage repair and determine the compositional characteristics of diffuse
damage and survival bone tissue. We found that mineral/matrix ratio in diffuse damage area and
in survival/repair bone were similar to control bone, as was carbonate/phosphate ratio. There was
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a small decrease in crystallinity (increase FWHM) in Dif.Dx areas compared to control bone,
consistent with the presence of a smaller calcium phosphate crystal as seen in the Raman spectra.
Raman microspectroscopy studies further revealed an additional small peak at 946 cm-1 in
diffuse damage areas of bone, in addition to the expected strong υ1 PO4 peak at 959 cm-1. This
peak represents an amorphous or disordered calcium phosphate crystal [Crane et al. 2006]. Crane
et al. 2006 reported this peak at 946 cm-1 as a transient phase resembling octacalcium phosphate
in cranial sutures undergoing closure [Crane et al. 2006].
Timlin et al reported in areas of bone microcracks, two mineral bands were observed, one
representing normal apatitic mineral and the other containing a high-frequency phosphate band at
963 cm-1 [Timlin et al. 2000]. Morris et al used Raman imaging to investigate local chemical
changes with complete bone fractures and found that after fracture there was both normal mineral
and a novel phosphate band at 965 cm-1. Together these data indicate that stress leading to typical
microcracks and/or fracture can produce phase transformations within the bone mineral lattice.
These results are similar and consistent with phase transformations in other crystalline materials
like ceramics as a means to adapt to an applied mechanical load [Budiansky et al. 1993; Song et
al. 2019]. Thus, it seems reasonable to speculate that the additional phosphate band seen in diffuse
damage bone area could represent a similar mechanically driven phase transition caused by the
numerous small cracks in diffuse damaged bone. Alternatively, the biological fluid that enters into
the extensive crack space created in diffuse damaged bone can potentially cause surface dissolution
of mineral, creating a phase resembling octacalcium phosphate. This phosphate band substantially
disappears in 14 day survival/repair tissue, indicating a return to baseline mineral composition.
SAXS studies revealed no difference in crystal thickness between control and Dif.Dx
tissue. However crystal thickness in the survival/repair group increased by almost 8% compared
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to control and diffuse damage bone, indicating mineral deposition and growth of existing HA
crystals during the repair process for Dif.Dx in vivo. Poundarik et al. demonstrated that diffuse
damage forms by separation of bone mineral crystals from collagen, principally due to disruption
of the osteopontin layer that adheres mineral to collagen. Thus, mineral crystals would not be
expected to decrease acutely in their thickness in this disaggregation or ungluing process –
consistent with the SAXS observations from our studies. Fantner, Thurner and colleagues showed
in vitro that osteopontin – calcium linkages can break and reform readily, suggesting a potential
mechanism by which small crack damage at the mineral-organic interface could heal, which could
not be tested in the current studies. However, the current studies suggest an additional mechanism
is active in vivo – that of mineral deposition. Seref-Ferlengez [Seref-Ferlengez et al. 2014]
hypothesized that repair of diffuse damage in vivo operated through mineral deposition processes,
analogous to remineralization/mineral deposition in healing of microscopic defects in tooth
enamel. The thickening of mineral crystals in repaired damage areas observed in the current
studies is consistent with this remineralization hypothesis and suggests that surface expansion of
the HA crystals in bone is a central component in the healing of diffuse damage in bone.
SAXS studies revealed surprising changes in the degree of crystals in both diffuse damaged
bone and in the repaired tissue. Degree of bone crystal orientation (ρ) or anisotropy ratio in control
bone was 0.69, where a value of 1 represents maximum orientation and 0.5 represents isotropy.
These degree of crystal orientation values are consistent with those recently reported by Turunen
et al (2016) for rat bone. In Dif.Dx areas of the bone, the degree of bone crystal alignment was
reduced substantially, by ~ 15%, to 0.60. However, in Survival/repair bones, the degree of crystal
alignment recovered to slightly beyond that (~5% greater) of control bone tissue. These orientation
data, combined with the increases of mineral plate thickness, indicate that repaired diffuse damage
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areas of bone do not return to the identical nanostructure as baseline tissue. The functional
implications of this increased in mineral thickness alignment difference are not known and require
further study.
Functionally in bone, the smallest particles are mineral platelets. Bone mineral is a
combined hydrated-hydroxylated calcium phosphate phase (HAP) of the form Ca 10−x [(PO4)6−x
(CO3) x] (OH) 2−x·nH2O, where n ~ 1.5[ Pasteris et al. 2014]. Bone apatite nanoparticles have a
plate -like shape and consist of a crystalline core of a calcium phosphate phase closely related to
HAP, surrounded by an amorphous coating and water. Duer and Veis proposed this amorphous
coating is hydrophilic and enclosed by strongly bound water [Duer and Veis 2013]. Carmejane et
al proposed that permanent damage like microcrack formation and fracture might cause insertion
into or loss of water from the crystal lattice. They suggested bone mineral crystallites are only one
or two unit cells thick. Therefore, movement of water or ions out or into of the lattice is not as
difficult compare to large crystallites [Carmejane et al. 2005].
Bone mineral particles thicknesses depending on the species are ranging from 1.5 to 4.5
nm. Size and shape of mineral particles affect the mechanical properties of bone [Weiner and
Traub 1992; Traub et al. 1992; Landis et al. 1996; Fratzl et al. 1991; Fratzl et al. 1992; Rinnerthaler
et al. 1999; Paris et al. 2000; Fratzl et al. 2004]. The structure and organization of collagen fibrils
governs the size of crystals and controls their general orientation, i.e., oriented vs isotropic.
[Weiner and Traub 1992; Landis et al. 1993; Landis 1995]. The current SAXS data show that
mineral crystals in control rat cortical bone are highly oriented, consistent with previous
observations [Weiner et al. 2006]. Moreover, the degree of crystal orientation measured for rat
ulnae in this study are consistent with those recently reported by Turunen et al (2016) for rat femur.
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Furthermore, the bone crystal orientation decreases in association with diffuse damage [ Turunen
et al 2016].
Wang et al., Veis and Duer report that bone appetite nanoparticles have plate -like shape
and consist of crystalline core of a calcium phosphate phase closely related to HAP, surrounded
by an amorphous coating and water [Wang et al. 2103; Duer and Veis 2013]. Furthermore, Wang
and collaborators showed that nanoparticles bone mineral in intact bone samples have an intrinsic
ability to organize itself when a layer of water bound to surface even in the lacking of organic
molecule. They suggested this surface –bound water is maintained only in the present of highly
hydrated amorphous coating of mineral particles [Wang et al. 2013]. They suggested structurally,
the mineral nanoparticles in bone are ceramic plates glued to each other by the capillary action of
a thin layer of water along an organic substrate. Therefore, a water-based slurry gluing the flat
faces of mineral particles together would allow them to slide across each other, allowing the bone
tissue as a whole to flex to some degree without fracturing. They suggested a water-based slurry
could also be a reusable glue: if the bond between mineral platelets is broken, it could be easily
restored as soon as the particles come into close proximity again, reestablishing the original
structure. They reported mechanism for gluing the mineral particles of bone to each other and to
the organic matrix may help to explain the fracture toughness of bone [ Wang et al. 2013].
The scattering intensity and the scattering distribution around the incident X-ray beam
provided information about the size and the arrangement of the mineral particles in the bone
disregarding, whether these particles were crystalline or amorphous. In a two-phase system, such
as bone, the dissimilarity in the average electron density and thus the scattering length densities
of the two phases is stated to as scattering contrast. In bone this contrast originated from the two
phases, mineral and collagen [Porod, 1951]. Increase in crystal thickness by 2 Å in repaired tissue
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diffuse damage is inconsistent with Veis and D o r ve e model. They proposed the pathway to
crystallization from the calcium phosphate–supersaturated tissue fluids implicate the formation
of a dense liquid phase of first-layer bound-water hydrated calcium and phosphate ions in which
the crystallization is nucleated. In their model the first hydration shell of six H2O molecules
coordinated to a Ca

+2

ion plus the next shell of 12 H2O molecules for the most stable

conformation of (Ca [H2O]6) +2 (H2O)12). The oxygen atoms of the first shell water molecules
are at 2.35 Å from the central Ca atom and, a strongly bonded P=Op–H–Ow of a water molecule
in a linear arrangement, equivalent for each phosphate Op and a set of interstitially located
waters that appear to bridge between two Op, resulting in weaker bonds to the water hydrogens
with a length of 2.0–2.2 Å [ Veis and D o r ve e 2013]. However further Transmission Electron
microscopy studies is needed to confirm this hypothesis.
The current data show that repair of diffuse damage in vivo involves a remineralization
process causing thickening of bone mineral crystal. Possible mechanism(s) include: i) nucleation
and growth of new mineral crystals in spaces opened by small crack formation, and related growth
of existing mineral crystals on available surfaces – both by direct apposition of mineral and via
the deposition of bone mineral by heterogeneous nucleation on organic matrix constituents, ii)
random (non-specific) precipitation of calcium phosphate crystals and iii) re-association
(regluing) of bone mineral crystals via noncollagenous proteins. Among these, the random nonspecific precipitation of calcium phosphates seems highly unlikely given the increased degree of
crystal alignment in the repaired tissue observed from SAXS studies. The other mechanics, are
all plausible and not mutually exclusive. Nucleation and growth of new mineral crystals in spaces
opened by small crack formation and related growth of existing mineral crystals on available
surfaces seems likely. Growth of existing mineral crystals on available surfaces formation and
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growth of new mineral crystals in spaces opened by small crack formation can potentially occur
by a classical ion-mediated crystallization pathway, where the crystal growth is based on the
integration of atoms/molecules onto energetically favorable sites on a growing crystal face.
Crystal faces with high surface energies should show the fastest growth rate, which in the case of
bone crystal plates would be expected to be the largest exposed surface area, i.e, the wide face of
the crystal. Deposition of bone mineral by heterogeneous nucleation (e.g. on organic matrix
constituents) seems entirely plausible given the abundance of anionic matrix constituents in bone
such as osteopontin, other SIBLING proteins and phosphoproteins [Mckee et al. 1996; Ling et al.
2005; Gluhak-Heinrich et al. 2003]; again the widest surface of bone crystal would presumably
have the most potential organic component sites for nucleation. Lastly, re-association of bone
mineral crystals via noncollagenous proteins acting as “glue” has been posited as [Boyce, Fyhrie
et al. 1998; Currey 2001; Fantner, Oroudjev et al. 2006]. Fantner et al. showed a nano-level
attachment and re-attachment mechanism wherein osteopontin in bone matrix acts as an adhesive
to join separated mineral crystals by bridging to surface Ca2+ ions on hydroxyapatite [Fantner et
al. 2006]. Furthermore, the deposition of bone mineral by heterogeneous nucleation (e.g. on
organic matrix constituents) seems entirely plausible given the abundance of anionic matrix
constituents in bone such as osteopontin, other SIBLING proteins and phosphoproteins [Mckee
et al. 1996; Ling et al. 2005; Gluhak-Heinrich et al. 2003]. Further studies are needed to determine
the extent to which such formation and growth of new mineral crystals are involved re-association
of bone mineral crystals via noncollagenous proteins acting as “glue” in repair of diffuse damage
in bone.
In summary, Raman microspectroscopy studies revealed a weak shoulder at 945-950 1/cm
in the diffuse damage area indicating amorphous or crystalographically disordered mineral. This

56

peak is chemically calibrated and has been reported. These results are similar and consistent with
phase transformations, a process that occurs in other crystalline materials like ceramics as a means
to adapt to an applied mechanical load. The high-frequency component was not observed in
undamaged areas. Surprisingly, after 14 days survival these extra peaks almost vanished. It is
therefore possible in bone hydroxyapatite (HAP) nanoparticles consist of crystalline core of a
calcium phosphate phase closely related to HAP, surrounded by an amorphous coating and
structural water. Further investigations are needed to study the age-related dissimilarities in the
mineral’s response to stress. Probably older bone tends to have higher uniform crystallite sizes and
lower water content and these may affect its response to applied load. Small Angle X-ray scattering
(SAXS) showed no change in mineral thickness between diffuse damage area compare to control.
Therefore, higher energy dissipation in diffuse damage area compared to those with linear
microcracks during the early phase of fatigue loading [Diab and Vashishth 2005] is not related to
crystal breaks. However crystal thickness in the survival group increased by 2 Å compare to control
group. The increase in crystal thickness by 2 Å in repaired tissue is inconsistent with crystal water
structural (Ca [H2O]6)

+2

(H2O)12 or P=Op–H–Ow proposed by the Veis and Do r ve e model.

SAXS data showed decrease in degree of crystals alignment (more isotropic) in Dif.Dx area
compare to control. However, in repaired diffuse damage area bone mineral crystal became more
anisotropic. We suggest increasing in degree of crystals alignment for repair tissue compare to
diffuse damage area is inconsistent with mesoscopic crystallization pathway. Further
investigations are needed to understand whether healing results purely from physicochemical
mechanisms or if osteocytes, which remain viable in this form of damage, play an active role in
the repair process. Also the exact nature of collagen fibrillar structure in diffuse damage
mechanism and repaired tissue is unknown.
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Chapter 3 Determine the role of physicochemical remineralization in repair of
diffuse damage in bone.

3.1 Introduction
Bone undergoes two types of microdamage as a result of “wear and tear” from normal
physiological activities: linear microcracks on the order of 30-100μ, and “diffuse” or “small-crack”
damage. Both types of damage are detectable microscopically using en bloc staining with basic
fuchsin as described by Frost (1960), and both types of damage contribute to a degradation of bone
mechanical properties and a corresponding increase in fragility [Schaffler et al. 1995; Carter and
Caler 1985; Pattin et al.1996; Burr et al. 1998; Bowman et al. 1998; Vashishth et al. 2000;
Parsamian and Norman 2001; Zioupos, Currey et al. 2001 Schaffler 2003; Lambers et al. 2013].
Linear microcracks and diffuse microdamage occur independent of each other, can be induced by
distinct loading regimens [Boyce, Fyhrie et al. 1998]and likely involve different damage processes,
neither of which is completely understood [Boyce, Fyhrie et al. 1998; Vashishth, Koontz et al.
2000; Currey 2001; Hansma et al., 2005; Fantner, et al. 2005; Gupta, Seto et al. 2006; Tai, Ulm et
al. 2006; Vashishth et al 2007; Fantner et al. 2007; Poundarik, Diab et al. 2012]. Both forms of
damage can also be repaired, albeit by completely different physiological mechanisms. Linear
microcracks causes the death of local osteocytes by apoptosis which triggers targeted osteoclastic
bone remodeling to remove and replace the damaged region [Bentolila, Boyce et al. 1998; Herman,
Cardoso et al. 2010; Kennedy, Herman et al. 2012]. Diffuse damage, on the other hand, does not
cause an increase in osteocyte cell death; however, the damaged region heals spontaneously over
two weeks, as evidenced by both a reduction in basic fuchsin staining and a recovery of local
elastic modulus to control levels [Seref-Ferlengez et al. 2014].
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How diffuse microdamage is repaired is not known. A major question at the outset is
whether healing results purely from physicochemical mechanisms or if osteocytes, which remain
viable in this form of damage, play an active role in the repair process. Healing of defects in
mineralized materials by re-deposition of ions from solution (remineralization) has been
extensively studied in tooth enamel [Simmer et al. 1995; Garcia-Godoy and Hicks 2008; Zheng,
Zheng et al. 2011] and also occurs in dentin [Nalla, Imbeni et al. 2003; Porter, Nalla et al. 2005],
and in nonbiological systems (“self-healing” concretes) as well [Reinhardt and Jooss 2003;
Tittelboom, Belie et al. 2011]. In enamel, which is acellular, remineralization is effected by Ca
and Pi in saliva, facilitated by organic components such as statherin [Garcia-Godoy et al. 2008].
Osteocytes in mature bone are able to regulate the exchange of mineral between bone matrix and
tissue fluid [Neuman 1982] and appear able to “remodel” their local environment, altering the size
and shape of lacunae and canaliculi during lactation [Qing et al. 2012; Kaya et al. 2017], with age
[Ashique et al. 2017] and in response to changes in endocrine status, e.g. depletion of gonadal
steroids [Sharma et al. 2012]. While osteocytes do not produce large amounts of organic matrix
components, they do produce osteocalcin and SIBLING proteins (e.g. osteopontin), Ca-binding
proteins that can affect mineral deposition and removal both in vitro and in vivo [Mckee et al.
1996; Ling et al. 2005; Gluhak-Heinrich et al. 2003; Boskey et al. 2002].
In the present study we sought to determine the role of remineralization in the healing of
diffuse microdamage (Dif.Dx) in bone. First, we tested whether diffuse damaged bone could
recover its microstructural and mechanical properties ex vivo in the absence of viable osteocytes.
Next, we tested whether diffuse damaged bone would recover those properties in vivo if new
mineralization was inhibited. In the first test, bone subjected to Dif.Dx in vivo was freeze-thawed
to kill osteocytes, and then incubated in a balanced salt solution containing phosphate (Pi) in the
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absence or presence of Ca. In the second test, Dif.Dx bone was allowed to heal in vivo in animals
treated with the bisphosphonate etidronate (EHDP) at a concentration that inhibits mineralization
[Fleisch et al. 1968; Blomen 1995; Fleisch et al. 1961; Fleisch et al. 1962; Fleisch et al. 1966; Li
et al. 25; Kranenburg et al. 2018]. The results of both studies support the concept that
remineralization is necessary to heal Dif.Dx and that the process does not require ongoing
osteocyte activity.

3.2 Materials and Methods
3.2.1 Induction of diffuse bone microdamage in vivo
Under isoflurane anesthesia, diffuse damage (Dif.Dx) was induced in the ulnar diaphysis
of young adult (16-17 wk old) female Sprague-Dawley rats (Charles River Laboratories,
Wilmington, MA, USA. Creep-loading was applied through ulnar bending [Lynch and Silva 2008;
Seref-Ferlengez et al 2014] as detailed in Seref-Ferlengez et al (2014) using an electromagnetic
loading system (Electroforce 3200, Bose Corp., MN, USA). Static (creep) loads were then applied
under load control (16N) and the creep deformations were monitored using the system LVDT. As
in our previous study, the creep endpoint used for these studies was a ~15% stiffness loss [SerefFerlengez et al. 2014]. This loading method induces exclusively Dif.Dx formation in a discrete
region of the ulnar diaphyseal cortex (Fig 3.1B).
Bones for ex vivo healing studies (Study 1) were harvested from rats euthanized
immediately after loading. For in vivo healing studies (Study II), rats were allowed to recover
from anesthesia and returned to their cages, they were allowed normal cage activity and received
food and water ad libitum for the 2-week duration of the study [Seref-Ferlengez et al 2014]. Details
of drug treatment are providing below. Animal procedures were IACUC approved.
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3.2.2 Repair of diffuse damage ex-vivo
In these studies, ulnar cross-sections cut through the Dif.Dx region of devitalized bone and
incubated in a Calcium-supplemented PBS solution that has been demonstrated to “heal” small
cracks and remineralize damaged tooth enamel through chemical, non-cell based processes
[Simmer et al. 1995; Simmer et al. 2010]. Cross-sections though the Dif.Dx zone were used to
facilitate exposure of the small microcracks to the test solution.
Ulnae were harvested immediately after loading (n=8 per group). Both lower arms were
harvested, wrapped in gauze soaked with PBS and placed in a freezer for storage at −20°C for 7
days in order to kill the osteocytes and maintain tissue mechanical and microstructural properties.
Ulnae were thawed to room temperature for sectioning. For morphometric and biomechanical
studies, damaged ulnae were cut in cross-section through the Dif.Dx region of the bone using a
diamond wafering saw in order to obtain two facing or “complementary” surfaces exhibiting
Dif.Dx; non-damaged control ulnae were sectioned at the same level. This approach produced one
pair of 0.7 mm thick bone sections through the damage zone for each ulna. The section faces on
the opposite side from the microdamage were affixed to small 1 mm thick Plexiglas slides using
cyanoacrylate adhesive; this slide served as a holder for processing and reference plane to help
maintain parallel surfaces during for subsequent testing or assessment.
For biomechanical studies, one of bone section from each pair, as well as equivalently
located sections from non-loaded control bone, were incubated at 37 ̊C in a remineralization test
solution comprised of a modified phosphate buffered saline containing 1.0 mM orthophosphate
(Pi) pH 7.4, in the presence or absence of 2mM CaCl2. Test solution composition is detailed in
Table 3.1. The concentrations of Ca2+ and Pi approximated those of total inorganic phosphate and
free (ultrafilterable) calcium in bone tissue fluid and plasma [Neuman and Neuman]. Solutions
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containing calcium and phosphate in this concentration range have been demonstrated to “heal”
small cracks and remineralize damaged tooth enamel through chemical, non-cell based processes
[Simmer et al., 1995; Simmer et al., 2010]. The solution was changed daily and tested to assure
that pH levels was maintained. The adjacent bone section from a given pair of damaged sections
and equivalent control samples were incubated in PBS that did not contain Ca 2+. Sections were
incubated for 5 days; after which they were subjected to mechanical testing. In addition, sections
prepared from damaged and control ulnae, with no incubation, were tested to determine the
baseline mechanical properties for Dif.Dx bone (t=0).
For morphological studies, the same sectioning and incubation protocols described above
were used. However, in these studies, one of the bone sections from each pair was fixed
immediately in neutral buffered formalin (NBF) and then stained with basic fuchsin to allow
visualization of bone microdamage [Boyce, Fyhrie et al. 1998]. This section was used to measure
baseline (i.e., pre-incubation) amounts of Dif.Dx [Seref-Ferlengez et al. 2014]. The adjacent bone
section was incubated in the remineralization test solution as above. After 5 days of incubation,
they were fixed in neutral buffered formalin (NBF) and then stained with basic fuchsin for
measurement of post-incubation microdamage. For both sections, the bone surfaces for
examination were coverslipped with Eukitt’s mounting medium and used for fluorescence
microscopy.
3.2.3 Repair of diffuse damage in-vivo
In these studies, Dif.Dx bone was allowed to heal in vivo in animals treated with the
bisphosphonate etidronate (EHDP) at a concentration that inhibits mineralization in vivo [Fleisch
et al. 1968; Blomen 1995; Fleisch et al. 1961; Fleisch et al. 1962; Fleisch et al. 1966; Li et al. 2105;
Kranenburg et al. 2018]. Diffuse damage was induced in the right ulnae of rats as described above.
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After loading, rats were returned to their cages for 14 days to allow diffuse damage to heal [SerefFerlengez et al 2014]. Following this initial damage induction, rats randomized into four treatment
groups (n=8 per group): vehicle control (CON: 0.3 ml, sterile PBS), etidronate (EHDP: 10
mg/kg/day), low dose alendronate (ALN: 1.2 µg/kg day) and high-dose alendronate (ALN:
2.4µg/kg day) for 14 days. (EHDP, ALN, Frontier Scientific Chemicals). Bisphosphonate and
PBS CON injections were given subcutaneously at the same time each day. The EHDP dose used
is well established to inhibit bone mineralization in animal and in humans [Tamura et al. 2007;
Kranenburg et al. 2018; Flora et al. 1981; Mashiba et al. 2001]. ALN dosages were those show
to inhibit bone loss in OVX rats [Wronski et al. 1993; Lin et al. 1994; Ogawa et al. 2005; Fuchs et
al. 2008]. The ALN doses used are the Pi equivalent doses to those given orally to patients (5 or
10 mg/d) for postmenopausal osteoporosis prevention [Fuchs et al. 2008]. Animals were weighed
daily to determine the appropriate treatment dosage. At the end of the recovery period, the
contralateral limb for each rat was loaded to provide an acute damage control ulna for each animal
[Seref-Ferlengez et al. 2014]. Lastly, ulnae from non-loaded rats were examined as baseline
controls.
At the end of the experimental period animals were euthanized and both ulnae were
harvested. Ulnae used for mechanical testing were frozen in PBS-soaked gauze at −20°C until
tissue testing. Ulnae for histological studies of Dif.Dx were fixed in NBF, stained en bloc in basic
fuchsin and then embedded in methyl methacrylate. Cross-sections were cut through the diffuse
damage region of the diaphysis as detailed in Seref-Ferlengez [Seref-Ferlengez et al. 2014] and
sections were polished to 90 µm thickness, mounted on slides and coverslipped for microscopy.
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3.2.4 Tissue modulus determination
Microindentation was used to measure micro-level hardness (Hv) and elastic modulus (E)
in the damage regions of the bone sections, following the procedure we reported previously [SerefFerlengez et al. 2014, Kaya et al. 2017]. Diaphyseal cross-sections were cut from Dif.Dx areas as
described above.

For bones from in-vivo studies, cross-sections through the center of the

diaphyseal damage, and similarly located sections from control ulnae, were tested to measure
tissue level mechanical properties.

For ex-vivo studies, tissue mechanical properties were

measured from facing surfaces of each diaphyseal section pair, representing before and after
incubation in remineralizartion solution, respectively. In all cases, samples were kept hydrated
throughout preparation and mechanical testing using Ca +2 supplemented PBS. Indentation testing
was performed using a diamond tipped Vickers microindenter (Clark CM-102 Indenter, Sun-Tec
Corporation, Novi, MI). Multiple indents (6-8) were performed within each Dif.Dx zone (the
convex ulnar cortex region) or the corresponding region of non-loaded control bone sections. Hv
was determined from indent dimensions and used to calculate elastic moduli (GPa) [SerefFerlengez et al. 2014; Currey and Brear 1990]. Individual moduli for all indents per section were
averaged.
3.2.5 Morphometric Analysis
Sections for microscopy were imaged using fluorescence microscopy (560 nm Excitation
and 645 nm Emission filters). Diffuse damage area (Dif.Dx.Ar, [mm 2]) and cortical bone area
(B.Ar, [mm2]) were measured for each section using a 20X magnification objective and
AxioVision software (Carl Zeiss, Thornwood, NY, USA). Diffuse damage content was expressed
as the area fraction of cortical bone area (Dif.Dx.Ar (%) = Dif.Dx.Ar/Ct.B.Ar × 100%)[ SerefFerlengez et al. 2014]. Again, for ex-vivo studies, the two paired facing sections from each ulna
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were used to measure microdamage levels before and after test incubation, respectively; for invivo studies, sections through the center of the damage region of the diaphysis were examined.
3.2.6 Statistical Analysis
Data are expressed as mean ± SD, and significance is reported at p < 0.01. GraphPad Prism
software (v.7.0c), was used for all statistical analysis. One-way ANOVA was used to compare
differences among test groups with post-hoc analyses using Tukey's multiple comparisons test.

3.3 Results
3.3.1 Repair of diffuse damage ex-vivo
As in our previous studies, creep loading of ulnae in vivo created solely diffuse damage,
comprised of clusters of large numbers of sub-micron-sized cracks (Fig. 3.1); the acute mechanical
and microstructural changes were consistent with previous observations in rat and human bone
[Vashishth et al., 2000; Seref-Ferlengez et al. 2014]. Elastic modulus of Dif.Dx areas in the bone
was reduced approximately 15% compared to non-damaged control bone (Fig. 3.2A). Ex-vivo
incubation of damaged, devitalized bone in the Ca2+-free solution caused a further decline of
modulus in the Dif.Dx region to approximately 60% of non-damaged bone. In contrast, diffuse
damaged bone incubated in the Ca2+-supplemented solution recovered almost all its tissue
stiffness, with elastic modulus restored to more than 95% of control level. Incubation of nondamaged bone in the presence of both Ca2+ and Pi did not alter tissue elastic modulus. In contrast,
incubation of loaded bone in the Ca2+-supplemented solution resulted in a reduction of more than
50% in Dif.Dx area (p<0.01) (Fig 3.2 B, C). Data for changes in tissue modulus are summarized
in Fig. 3.2A. Microstructurally, Dif.Dx in acutely loaded bones was found exclusively in the
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medial (convex) region of the ulnar cortex and no microdamage was observed in the lateral
(concave region) cortex (Fig. 3.2).

Table 3.1

Compositions of the solutions used for ex-vivo incubations of bone sections

Component

Calcium free solution

Calcium supplemented

NaCl

154 mM

154 mM

KCl

5.6 mM

5.6 mM

Na2HPO4

0.81 mM

0.81 mM

NaH2PO4

0.19 mM

0.19 mM

CaCl2

0

2.0 mM
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A

Control

B

C

Low Mag. Dif.Dx

High Mag. Dif.Dx

Figure 3.1. Fluorescence photomicrographs showing; (A) Control ulna (scale bar 200μm);
(B) Low magnification image, shows diffuse damage area in acute‐loaded ulnar cortex (scale bar
200μm); (C) Enlarged image shows the Dif.Dx regions is composed of extensive networks of
submicron‐sized cracks (scale bar 50μm).

A

C

B

Control

*
*
Dif.Dx, t=0

*

Dif.Dx + Ca2+, 5 days

Figure 3.2 (A) Elastic Moduli for non-damaged bone (Control, t=0) , diffuse damaged
bone regions acutely (Dif.Dx, t=0) and devitalized bone sections after 5 days of ex-vivo incubation
in Ca-free and Ca-supplemented solutions (p<0.01 vs Control bone); (B) Diffuse Damage area (%)
in acutely damage bone (Dif.Dx, t=0) vs devitalized, damaged bone after incubation in Ca+2
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supplemented PBS (p<0.01)and; (C) Fluorescence photomicrographs showing control ulna,
Dif.Dx in acutely damaged bone (t=0, arrow) and dramatic reduction in Dif.Dx area observable
after incubation in Ca-supplemented solution (Ca+2 + 5 days, arrow) (scale bar100μm).
3.3.2 In-vivo healing of diffuse damage: Inhibition by bisphosphonates
Devitalized Dif.Dx bone recovered its mechanical and microstructural properties only
when incubated in the presence of both Ca and Pi, indicating that tissue remineralization was
essential and did not require viable osteocytes. In this study, we tested the converse: whether
Dif.Dx healing would occur in vivo with normally functioning osteocytes where mineralization
was inhibited with bisphosphonates. Dif.Dx healed spontaneously under control conditions; in
animals treated with vehicle (VEH), both elastic modulus (Fig 3.3A) and Dif.Dx area (Fig 3.3B)
were similar to control bone after the 14 day recovery period. In sharp contrast, EHDP treatment
prevented healing of diffuse damage, with both tissue elastic modulus and Dif.Dx area unchanged
from levels in acutely damaged bone. Treatment with a low dose of the more potent anti-resorptive
bisphosphonate ALN, on the other hand, did not affect Dif.Dx healing. However, a higher ALN
dose did reduce the recovery of both elastic modulus and microstructure by approximately half.
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Control

Surv- EHDP

Dif.Dx- Acute

Surv- VEH

Surv- ALN- Low dose

Surv- ALN- High dose
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Figure 3.3 Effect of EHDP and ALN on repair of diffuse damage in vivo; (A) Elastic
moduli and; (B) Dif.Dx content (% area) in non-damaged control bone, acute Dif.Dx bone (t=0)
and at after two weeks of repair (Surv-VEH-treated). EHDP treatment completely inhibited both
mechanical and microstructural repair of Dif.Dx. Low dose ALN did not impair mechanical and
microstructural repair of Dif.Dx. while high dose ALN caused some interference with Dif.Dx
repair (*p<0.001 vs control; ** p<0.007 vs control); (C) Fluorescence photomicrographs showing
control and diffuse damage with different treatments (scale bar 50μm).
3.4 Discussion
The results of this study showed that diffuse microdamage in bone spontaneous recovers
its microstructural and mechanical integrity both in vivo and ex vivo. Recovery ex-vivo did not
require viable osteocytes provided that both Ca and Pi at approximately physiological levels were
present in the bathing solution. Recovery in vivo was completely prevented in animals treated with
the bisphosphonate EHDP at a concentration known to impair mineralization, and partially
inhibited in animals receiving a high but clinically-employed concentration of ALN [Fleisch 1992;
Flora et al. 1981; Mashiba et al. 2001; Nancollas et al. 2006; Tamura et al. 2007; Bauer1 et al.
2014; Kranenburg et al. 2018]. Together, these findings support the concept that healing of Dif.Dx
bone does not require continued activity of local osteocytes but rather proceeds mainly through
physicochemical remineralization similar to that which occurs in enamel [Head 1912; Kay and
Posner 1964; Simmer et al. 1995; Garcia-Godoy et al. 2008; Simmer et al. 2010].
Seref-Ferlengez et al described spontaneous Dif.Dx healing in vivo, but left open the
questions of whether osteocytes in the damage region (which, unlike those osteocytes near linear
microcracks in bone, remain viable) play a role in healing. Both possibilities have support from
literature. Evidence favoring a purely physicochemical healing mechanism largely independent of
osteocyte action comes from examples of remineralization observed in both dentin and enamel
[Simmer et al. 1995; Garcia-Godoy and Hicks 2008; Zheng, Zheng et al. 2011; Nalla, Imbeni et
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al. 2003; Porter, Nalla et al. 2005; Seref Ferlengez et al. 2014], and in certain “self-healing”
cements [Reinhardt and Jooss 2003; Tittelboom, Belie et al. 2011]. Of the biological examples,
adult enamel is completely acellular while in dentin the cell bodies of odontoblasts lie on the dentin
surface distant from the bulk of the matrix, though each cell’s process extends throughout the tissue
similar to osteocyte processes in bone [Linde et al 1995; Nalla, Imbeni et al. 2003; Porter, Nalla et
al. 2005]. Evidence that osteocytes may actively participate in Dif.Dx repair comes mainly from
demonstrations that osteocytes are capable of altering their immediate surroundings via
“perilacunar and canalicular remodeling” that alters the volume of lacunar-canalicular spaces in
aging [Ashique et al 2017], lactation [Qing, H. et al. 2012; Kaya et al. 2017] and following changes
in endocrine status [Parfitt et al. 1976; O’Brien et al 2008; Rhee et al. 2011; Rhee et al. 2013;
Sainai et al. 2013; Tu et al. 2011; Sharma et al. 2012]. Osteocytes apparently bring about these
changes mainly by regulating the level and activity of noncollagenous Ca 2+-binding proteins like
osteocalcin and SIBLING proteins such as osteopontin [Addison et al. 2010]. Osteocytes not only
synthesize these proteins, but also produce proteolytic enzymes (e.g. MMP’s and Phex) that can
degrade them [Rowe et al. 2004]. Osteocytes also can modify the activity of these proteins by
posttranslational

modifications

that

include

vitamin

k-dependent

gamma-carboxylase

(osteocalcin) and phosphorylation/dephosphorylation (SIBLING and other phosphoproteins)
[Mckee et al. 1996; Ling et al. 2005; Gluhak-Heinrich et al. 2003; Boskey et al. 2002; Yan et al.
2008; Gluhak-Heinrich et al. 2007; Rowe et al. 2012].
Ex-vivo incubation of Dif.Dx bone in this study was carried out to test whether healing
would occur in the absence of viable osteocytes. The results revealed that healing of devitalized
Dif.Dx bone proceeded spontaneously in a balanced salt solution containing approximately
physiological levels of Ca and Pi. Furthermore, if Ca was absent the tissue underwent a dramatic
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additional loss in stiffness. These findings implicated the addition of Ca and Pi to bone mineral
played a major factor in healing, and also that a deficiency of soluble bone mineral components
could exacerbate the consequences of Dif.Dx. Undamaged bone incubated in Ca-free buffer
underwent a change in tissue modulus consistent with Gustafson et al studies (data not shown)
[Gustafson et al 1996]. We posit that the observed decline in tissue stiffness that occurred in a Cafree salt solution was due to the loss of ions from surfaces of bone mineral that were newly exposed
as a result of damage. The quantitative relationship between mineral loss and changes in the
material properties of bone at Dif.Dx sites is not known.
Recovery of tissue stiffness mediated by remineralization may involve multiple pathways
including i) formation and growth of new mineral crystals in spaces opened by small crack
formation, ii) growth of existing mineral crystals on available surfaces and iii) re-association of
bone mineral crystals via noncollagenous proteins acting as “glue” [Boyce, Fyhrie et al. 1998;
Currey 2001; Fantner, Oroudjev et al. 2006]. Non-specific precipitation of calcium phosphate
crystals was highly unlikely under the conditions employed in this study. The concentration of Pi
in the bathing fluids was equivalent to that reported for adult plasma –1 mM, while the
concentration of Ca in replete fluid was 2.0 mM, approximately 1.2 times the level of free
(ultrafilterable) Ca in plasma – too low to support the spontaneous precipitation of CaHPO4, the
major form of Pi at this pH [Neuman and Neuman 1958]. Consistent with this expectation, we saw
no evidence of spontaneous precipitation in Ca-containing solutions during storage or in the
experiments.
Formation and growth of new mineral crystals in spaces opened by small crack formation
can potentially occur by a classical ion-mediated crystallization pathway, where the crystal growth
is based on the integration of atoms/molecules onto energetically favorable sites on a growing
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crystal face [Wulff 1901; Stranski 1928; Cölfen et al. 2003]. Another possible pathway is nonclassical crystallization that involves the arrangement of primary nanoparticles into an iso-oriented
crystal via oriented attachment. Non-classical crystallization pathway is always particle facilitated
and in consistent with mesoscopic transformation process, where oriented attachment of smaller
building blocks is required to achieve a uniform orientation in the bulk phase [Niederberger et al.
2006; Cölfen et al. 2003; Cölfen et al. 2008; Song et al. 2010]. Further studies are needed to
determine the extent to which such formation and growth of new mineral crystals are involved the
remineralization and repair of diffuse damage in bone.
On the other hand, formation of new bone mineral by heterogeneous nucleation (e.g. on
organic matrix constituents) seems entirely plausible given the abundance of anionic matrix
constituents in bone such as osteopontin, other SIBLING proteins and phosphoproteins [Mckee et
al. 1996; Ling et al. 2005; Gluhak-Heinrich et al. 2003]. Indeed, Fantner et al. proposed a nanolevel healing mechanism wherein osteopontin in bone matrix might act as an adhesive to join
separated mineral crystals by bridging to surface Ca2+ ions on hydroxyapatite [Fantner et al 2006].
Other SIBLING proteins could presumably fulfill this function as well; however, to the extent that
this mechanism operates in Dif.Dx healing, our data suggest that it is severely compromised in the
absence of free Ca2+. Free Ca2+ could potentially interact directly with binding sites on the proteins
to facilitate their bridging function or simply serve to stabilize the surfaces of mineral crystals in
bone.
The healing of Dif.Dx bone ex-vivo was rapid – essentially complete after 5 days (Fig 3.2C)
– while healing in vivo occurred over a span of roughly two or more weeks [Seref-Ferlengez et al.
2104]. This seems expected given the full access of damaged surfaces ex-vivo to the supportive
ionic environment in the bathing fluid afforded by sectioning open the Dif.Dx region. Indeed,

73

incubating devitalized whole ulnae in the remineralization solution did not promote healing [SerefFerlengez et al. 2104]. Healing of diffuse damage in vivo is dependent on perfusion of the damaged
region by tissue fluid through the osteocyte lacunar-canalicular system [Fritton et al. 2009,
Neuman, and Neuman 1958]. The different kinetics of healing could lead to differences in the fine
structure of healed Dif.Dx tissue under these conditions despite essentially identical outcomes at
the current level of resolution examined. The structure and organization of both mineral and
organic components during and after the initial healing process need to be examined more fully.
While Dif.Dx healing occurred in the absence of viable osteocytes in vitro as long as both
Ca2+ and Pi were provided, in vivo Dif.Dx healing where all the osteocytes were viable was
completely inhibited by EHDP. EHDP, like all bisphosphonates, is a nonhydrolyzable analog of
pyrophosphate and can act as a hydroxyapatite crystal poison, binding to mineral surfaces and
preventing subsequent incorporation of soluble ions into the crystal lattice [Fleisch et al. 1961;
Fleisch et al. 1962; Fleisch et al. 1966; Fleisch et al. 1968; Blomen 1995]. At the dosage used in
this study, EHDP has been well documented as an inhibitor of mineralization in vivo [Flora et al.,
1981; Tamura et al, 2007; Bauer1 et al. 2014; Kranenburg et al. 2018]. Indeed, the resulting
mineralization defect and reports of pathological fractures in dogs and humans [Flora et al., 1981;
Mashiba et al., 2001] are major reasons that EHDP is not used to treat bone disease. However,
bisphosphonates also can affect cellular metabolic pathways involving pyrophosphate, most
notably those requiring farnesyl pyrophosphate synthase (FPPS), an enzyme that contributes to
sterol biosynthesis and regulation of actin cytoskeletal dynamics [Fuchs et al. 2008; Russel et al.
2008; Roelofs et al. 2012; Russel et al. 1999; Rogers et al. 2000; Dunford et al. 2001; Ebetino et
al 2011]. FPPS inhibition, which depends principally on the two substituents modifying the carbon
atom within the P-C-P bisphosphonate structural moiety, is directly related to the ability of

74

bisphosphonates to inhibit the function of osteoclasts, which require an extremely vigorous actin
cytoskeleton to sustain the resorptive functions associated with their ruffled border [Rogers et al
2000; Dunford et al. 2001]. Bisphosphonates, however, exhibit only mild effects on osteoblasts
and osteocytes [Im et al. 2004; Plotkin et al. 1999; Plotkin et al. 2008], despite the presence of
actin filaments along the extensive network of osteocyte processes [Evans et al. 2002; Goodenough
et al 2003]. For example, Irie et al noted that EHDP blocked mineralization of newly forming bone
without evident inhibition of matrix production (based on the dimensions of osteoid at growth sites
[Irie et al. 2008]. Changes in osteocyte function were considered to be secondary to alterations in
the mineral content (and physical properties) of bone matrix. Bisphosphonates have been reported
to exert anti-apoptotic effects on osteoblasts and osteocytes [Tenenbaum et al. 1992; Giuliani et al
1998] and to modulate proliferation of osteoblastic cells in culture [Mathov et al. 2001]. However,
since osteocytes in vivo are post-mitotic and both the induction and repair of Dif.Dx in bone appear
to occur without osteocyte death [Herman, Cardoso et al. 2010; Seref-Ferlengez et al. 2014], it
seems likely that the lack of Dif.Dx healing we observed in vivo were due to bisphosphonate
effects on remineralization of the damaged areas.
EHDP completely prevented Dif.Dx healing in vivo, but a high concentration of ALN
(within the upper range used clinically), a mainstay of anti-resorptive anti-osteoporotic therapy,
also partially suppressed Dif.Dx repair. ALN, like EHDP, binds strongly to hydroxyapatite,
indicating a capacity to block mineralization. However, ALN is a much more potent FPPS inhibitor
[Russell et al. 1970; Ebetino et al. 1998]; consequently, lower doses are required for anti-resorptive
efficacy. Long-term treatment with ALN has been recently associated with atypical femoral
fractures (AFF) and osteonecrosis of the jaw [Mashiba et al. 2001; Allen et al. 2006; Allen et al.
2007; Allen et al. 2008; Lenart et al. 2008; Neviaser et al. 2008; Somford et al. 2009; Cermak et
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al. 2009; Capeci et al. 2009; Goddard et al. 2009; Ing-Lorenzini et al. 2009; Sayed-Noor et al.
2009; Shane et al. 2010; Marx et al. 2003; Bajaj et al. 2014; Lloyd et al. 2017] in some patients. It
is not known whether treatment with high doses of ALN or related bisphosphonates, or even lower
doses for extended periods, can lead to accumulation of Dif.Dx in patients, or how such
accumulation might contribute to bone material properties and fragility. Dif.Dx occurs
independently of the linear microcracks that induce osteoclastic resorption [Boyce, Fyhrie et al.
1998; Bentolila et al. 1998; Herman et al. 2010; Kennedy et al. 2012; Seref-Ferlengez et al.,2014],
but long-term accumulation of different forms of matrix damage in bone has not been examined
systematically. Interestingly, AFFs have also been reported following treatment with other
antiresorptive drugs such as denosumab that have no known effects on mineralization [Alfahad et
al. 2012; Tan et al. 2019], which suggests that failure to remodel linear microcracks is the principal
determinant of atypical fractures. Defective repair of diffuse damage seems likely to contribute
independently to bone fragility.
In summary, the results of this study support the concept that the spontaneous recovery of
mechanical and microstructural alterations caused by Dif.Dx in bone requires deposition of Ca and
Pi, but does not require the direct action of osteocytes. This repair process appears to resemble
physicochemical remineralization like that occurring in enamel. Nevertheless, osteocytes and their
lacunar-canalicular system likely play an essential indirect role in healing of these submicron-sized
cracks in bone in vivo, by maintaining the ionic bone tissue fluid required for chemical repair of
bone mineral and perfusing it through the matrix to access damage sites. Lastly, the inhibition of
Dif.Dx repair in vivo by EHDP and a high concentration of ALN raises the possibility that
accumulation of Dif.Dx resulting from long-term bisphosphonate treatment could contribute to
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changes in bone material properties and play a role in the occurrence of material fragility
associated with high dose or long-term bisphosphonates.
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Chapter 4 Investigate the collagen fibrillar structural organization changes in
in diffuse damage and repaired regions

4.1 Introduction
Matrix microdamage forms due to physiological fatigue predominantly consists of typical
linear microcracks and diffuse damage, which are regions of tissue that contain networks of small
cracks on the size order of a few microns or smaller. Diffuse damage was first identified as the
pool of stain in fatigue damaged bone matrix and further investigations revealed that it is a network
of submicroscopic cracks [Schaffler, Pitchford et al. 1994; Zioupos and Currey 1994; Boyce,
Fyhrie et al. 1998; Fazzalari, Forwood et al. 1998; Vashishth, Koontz et al. 2000]. Damage forms
in bone matrix at multiple hierarchical levels through microstructure and at each scale it is an
important determinant of bone quality. While linear cracks are cleavage planes that traverse the
natural lamellar boundaries in bone, diffuse damage is thought to represent failures through natural
interfaces in the matrix.
The failure mechanisms that creates diffuse damage are not fully understood but have been
investigated by recent studies using various imaging techniques. Thompson and co-workers
proposed bone consists of mineralized collagen fibrils and a non-fibrillar organic matrix
(principally non-collagenous proteins or NCP’s), which acts as a 'glue' that holds the mineralized
fibrils together [Thompson et al. 2001]. They suggested when the mineralized collagen is pulled
to near yield, these glue interfaces would function as “sacrificial bonds” that can be broken to
dissipate energy while leaving collagen fibrils intact. Studies by Fantner et al [Fantner et al. 2007;
Poundarik, Diab et al. 2012] pointed to osteopontin and/or the osteopontin-osteocalcin complex,
respectively, as the glue between mineral and collagen in bone, and the locations for sacrificial
bonds. Moreover, studies by Vashishth and colleagues [Poundarik, Diab et al. 2012] indicate that
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these interface sites are locations where the small cracks that constitute diffuse damage occur.
Taken together, these data lead to the intriguing hypothesis/prediction that collagen fibrils in bone
should not undergo significant disruptions (ruptures, tears) in association diffuse damage.
As noted in the preceding paragraph, the few detailed studies of the failure locations and
mechanisms underlying diffuse damage have been performed on damage induced ex vivo [Gupta,
Seto et al. 2006; Fantner, Adams et al. 2007; Hoo, Fratzl et al. 2011; Poundarik, Diab et al. 2012].
Whether similar failure mechanisms are present when damage is induced in vivo is not known.
The objective of the current study was to investigate the collagen fibrillar structure and
organization in diffuse damage bone. We test the hypothesis that collagen fibrils in bone do not
undergo significant disruptions (ruptures, tears) in association diffuse damage in vivo, and thus
diffuse damage represent primarily a disaggregation of mineral from collagen in bone matrix. We
believe that there is much to learn about the nanocomposite function of bone matrix by studying
its failure locations. Accordingly, in the current studies, we induced diffuse damage in rat ulnae in
vivo; bone fibrillar structure and organization in diffuse damaged bone and equivalent regions of
non-loaded control bone was examined using a combination of using scanning electron
microscopy (SEM) and novel Second Harmonic Generation(SHG) imaging approaches.

4.2. Materials and methods
4.2.1 In vivo diffuse damage induction and sample preparation
Under isoflurane anesthesia, diffuse damage (Dif.Dx) was induced in the ulnar diaphysis
of young adult (16-17 wk old) female Sprague-Dawley rats (Charles River Laboratories,
Wilmington, MA, USA. Creep-loading was applied through ulnar bending [Lynch and Silva 2008;
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Seref-Ferlengez et al 2014] as detailed in Seref-Ferlengez et al (2014) using an electromagnetic
loading system (Electroforce 3200, Bose Corp., MN, USA). Static (creep) loads were then applied
under load control (16N) and the creep deformations were monitored using the system LVDT. As
in our previous study, the creep endpoint used for these studies was a ~15% stiffness loss [SerefFerlengez et al. 2014]. This loading method induces exclusively Dif.Dx formation in a discrete
region of the ulnar diaphyseal cortex
Loading experiments were aimed such that one limb was loaded at the beginning of the
experiment and allowed to heal (recover) for 2 weeks. Rats were allowed to recover from
anesthesia and returned to their cages, they were allowed normal cage activity and received food
and water ad libitum for the 2 week after Dif.Dx induction [Seref-Ferlengez et al 2014]. At the end
of the recovery period the contralateral limb was loaded identically to provide an acute loading
control specimen for each animal [Seref-Ferlengez et al. 2014]. Ulnae from non-loaded agematched rats served as controls (n=5 rats/group). All animal procedures were IACUC approved.
Scanning electron microscopy has been used to study and characterize the collagen fibrillar
Structures within normal human bone surfaces as a function of age, human lumbar vertebral
trabecular bone surfaces, human bony collagen lamellar organization and dentinal tubules of
human dentin [Mosekilde 1990; Jayasinghe et al. 1993; Mosekilde 1993; Landis et al. 1996; Reid
1987; Garcés-Ortíz et al. 2015; Marotti 1993; Marotti et al. 1988]. SHG has largely used for
imaging non-centrosymmetric molecules inside cells [Campagnola et al. 1999; Campagnola et al.
2001] and tissues [Guo et al. 1997]. Especially, SHG microscopy has been validated a very
powerful tool to image collagen rich tissues [Cox et al. 2003] such as cornea [Han et al. 2005, Yeh
et al 2002], tendon [Stoller et al. 2002, Theodossiou et al. 2006], and arteries [Zoumi et al. 2004].
In particular, SHG microscopy has been mainly used for selectively investigating collagen fibers
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orientation and their structural changes in human dermis [Stoller et al. 2002], fibrosis [Strupler et
al. 2007], thermally-treated samples [Lo et al 2009], and also in tumor microenvironments
[Nadiarnykh et al. 2010]. The objective of the current experiments was to investigate the collagen
fibrillar structural organization changes in in diffuse damage and repaired regions by second
harmonic generation and then we applied Scanning Electron Microscopy to get more insight on
collagen fibrillar organization in control and diffuse damage tissue.
4.2.2 Scanning electron microscopy and image analysis
Scanning electron microscopy (SEM) was used to visualize the alterations in collagen
fibrillary structure in bone with diffuse damage matrix and non-loaded controls bone. For this
purpose, samples were fixed in 10% neutral buffered formalin (n=3 control and n=3 Dif.Dx).
[Note: The current studies were performed only on control and Dif.Dx bones; survival bones could
not be examined due to equipment failure in the CCNY Microscopy Core] Diaphyseal crosssections (300µm thick) were cut through the center of the diaphyseal damage region, and
equivalently located sections from control ulnae using a diamond wafering saw; sections were
mounted to a plastic slide using a thin layer of cyanoacrylate glue. Sections were polished with
progressively finer abrasives (600, 800, 1200 grit silicon carbides) followed by diamond
suspension (1µm then 0.25µm particle size) and 0.05 µm deagglomerated alumina suspension
(Buehler LTD; Lake Bluff, Il). To remove extrafibrillar surface mineral and expose underlying
collagen fibrils, sections were demineralized using 0.5M EDTA at a pH of 8.0 for 1 hour with
gentle agitation. After surface demineralization, sections were rinsed with several changes of
ultrapure water, then dehydrated in air at 37̊C for 48 hours. Sections were carbon coated and
examined with SEM (Zeiss SUPRA 50; 5kV, Aperture 30μm, Working Distance (WD) =12mm,
magnifications up to 100,000X).
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4.2.3 Image Processing and Analysis of SEM images
Frequency distributions for collagen fibril diameters and void spaces were used as the principal
outcome as it has been shown to be sensitive to changes in wide range of physiological and
pathological circumstances [Dressler et al. 2002; White et al. 2002; Boote et al. 2003]. We used
algorithm adopted by Rabbani et al. 2015, Taylor et al. 2007 and Okabe 2000 to perform frequency
distribution analysis [Rabbani et al. 2015; Taylor et al. 2007; Okabe 2000]. Using Matlab (R2011a,
the MathWorks Inc., Natick, MA, USA), regions of interests (ROI) were examined from damaged
zones of each loaded ulnae and equivalent regions from non-loaded controls from images acquired
at 47K (figure 4.2 A&B) magnification. Because only 3 bones per group were examined for these
SEM morphometric studies, no statistical comparisons could be performed. The watershed method
is a powerful tool used to detect and distinguish touching objects in images and is an efﬁcient
method for segmentation and separation of attached clusters of objects. A classical approach for
producing edge images is to apply a gradient and then threshold the resulting image to produce a
binary edge image. The watershed algorithm is mostly applicable when processing grayscale or
gradient images; however, it can be used for segmentation of binary images by converting binary
images to grayscale using distance transformation. First, we applied distance transform on binary
image. The brightness of a pixel in distance transformation is determined by the distance between
that point and the nearest pixel of object’s boundary. There are several formulas to calculate this
distance such as Euclidean, city block, and chessboard. The second step is to convert the distance
map into a topological surface in which brighter pixels correspond to the deeper parts of that
surface. Thus, for each of the objects in the image a basin is formed. Water starts to accumulate in
the deepest part of the basin according to the depth contours. As ﬂooding carry on, the level of
water rises in the basins until two isolated water pools touch each other. The pixels in which the
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water pools from two different basins meet each other are known as the watershed ridge line. By
completing the ﬂooding process, all pixels of the watershed ridge line are detected. Lastly, the
watershed ridge line separates the two touching objects. The brighter pixels of a distance map
characterize points farther from the boundary of an object. In order to measure the diameter of
fibers, we take random linear samples of the 2-D image space (Fig.4.1 a) and record the directional
variance of the gray-scale values which are normally between 0 to 255 (Fig.4.1 b). Then by
applying 1-D Gaussian filter, we are able to make the linear data more smooth (Fig.4.1 c). Now,
based on the original mean value of the pixel intensities, we threshold the smoothed curve to
convert it into a square wave. The thickness of the obtained squares can be approximately
equivalent to the fiber diameter. It is noteworthy that in this method, we have implicitly assumed
that fiber bodies would appear with lighter intensities, while the pore space between the threads is
more dim.

Figure 4.1 Image processing technique used to measure the fiber diameter distribution, a)
Scanning electron microscopy image and a sampling line, b) variance of the gray-scale values from
point A to B around the mean gray-scale value of the linear sample, c) smoothed variance using
Gaussian filtering with standard deviation of 0.5, d) thresholded data line based on the mean grayscale.
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4.2.4 Second harmonic generation microscopy for quantitative analysis of collagen fibrillar
structure
Second harmonic generation (SHG) is a second-order nonlinear optical process in which
two photons at the frequency ω interacting with noncentrosymmetrical media (i.e., material lacking
a generalized mirror symmetry) combine to form a new photon with twice the energy, and therefore
twice the frequency (2ω) and half the wavelength of the initial photons [Boyed 2003; Sutherland
2003] (Figure 4.1). SHG has shown to be a powerful tool to quantify the structural organization of
connective tissues due to high specificity for dense noncentrosymmetric media such as
piezoelectric structures [Yeh et al. 2005; Rivard et al. 2010]. This technique provides submicron
resolution, a high penetration depth in scattering tissues and a reduced phototoxicity and
photobleaching compared with other optical techniques like fluorescence microscopy. However,
the diameter of the collagen fibrils is considerably smaller than the optical resolution, the SHG in
the focal volume originated from the coherent contribution of several fibrils. Therefore, SHG
microscopy is indeed limited in its study of the nanoscale arrangement of the fibrils polarity
[Stoller et al. 2003].
In general, the second order nonlinear polarization induced by an electric field E. For the
macro molecules like collagen, second order susceptibility originates from the chemical bonds of
the smaller molecular groups such as C=O and N-H bonding in peptide bonds [Sue et al. 2011].
The optical reaction of the media defined by expressing the induced polarization P (ω) as a power
series of the optical field strength E (ω) of the incident light. For a linear material, relationship
between electric field E of the incident radiation and the polarization P is linear. In nonlinear optics,
like SHG imaging the material response described as a polynomial expansion of the material
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polarization P in powers of the electric field E. Therefore, the total polarization for a material
interacting with light expressed as [Shen 1984]:
P(ω)= χ(1) · E(ω) + χ(2) · E(ω)2 + χ(3) · E(ω)3 +⋯
The coefficient χ

(n)

is the nth-order susceptibility of the material, χ

, χ

(1)

, and χ

(2)

(3)

corresponding to optical effects such as absorption or reflection, second harmonic generation, and
third harmonic generation, respectively. With such symmetry constraints, SHG produced from
structures without inversion symmetry combined with a high degree of organization and
orientation, such as anisotropic crystals or endogenous structural protein arrays in tissue. Collagen
fibers have a very suitable structure for generating SHG signal. Fibrillar collagen is highly
anisotropic and the SHG signal produced is coherently amplified due to configuration of repeating
structures within the collagen triple helix and within fibrils. As SHG imaging is dependent on the
signal remaining phase-matched within the material, a second harmonic wave co-propagates with
the excitation beam, resulting in SHG signal in the same, forward direction as the excitation beam
[Chen et al. 2012]. Typically, between 80% and 90% of the SHG signal from collagen in a tissue
sample will propagate in the forward direction, depending on how much the sample scatters light.
A single, 40- to 300 nm collagen fiber expected to behave as a single dipole, which radiates in all
directions except normal to the incident beam (figure 4.1). The peptide bonds within he collagen
chains generate a permanent dipole moment, which is a measure of the separation of positive and
negative electrical charges within a system, allowing SHG to occur within collagen-rich samples.
For many sources of SHG, the amount of signal produced is dependent on the polarization state of
the incident laser light, relative to the scattering due to the molecular structure. Most studies on
the polarization sensitivity of collagen have been carried out on tendon which is composed of
highly ordered parallel collagen-type I fibers. The intensity of the SHG signal produced from a
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collagen sample is dependent on the orientation of the polarization state of the laser excitation light
with respect to the fiber axis, as illustrated in Figure 4.2 [Pfeffer et al. 2008; Chen et al. 2012].

Figure 4.2 Illustration of (a) collagen fibers acting as dipoles, which emits in all directions except
perpendicular to the incident beam; and (b) the geometric arrangement of a single collagen fiber
compare to an applied electric field. The radiated SHG signal after spectral filtering is shown in
blue; (c) if the light is polarized along the collagen fiber axis (z), the maximum SHG signal will
be observed. On the other hand, if it is polarized perpendicular to the fiber axis (x), the weakest
SHG signal observed [Mostaço-Guidolin et al 2017].
License (http://creativecommons.org/licenses/by/4.0/).

4.2.5 Image acquisition (SHG)
Longitudinal sections of the ulnar mid-diaphysis from diffuse damage, survival and control
bones were used for SHG. The longitudinal sections used in these SHZG studies were the same as
those used for the SAXS studies detailed in Chapter 2. Bones were stained in basic fuchsin in order
to visualize microdamage and then embedded in methyl methacrylate for sectioning. Longitudinal
sections were cut from the convex periosteal surface of the ulnar mid-diaphysis until the Dif.Dx
region was reached, which was located ~ 50 µm in the periosteal surface. Sections from the Dif.Dx
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region were polished to 130 μm thickness. The final product was 6mm long, which includes at
least 2 mm diffuse damage area in Dif.Dx and survival group. The regions of interest in diffuse
damage identified based on basic fuchsin stain, and corresponding areas in survival and control as
detailed in Chapter 2.
SHG imaging were acquired using a Leica TCS-SP confocal laser-scanning microscope
modified for nonlinear optical imaging [Hristu et al. 2017]. Excitation was a Ti: Sapphire laser
(Tsunami, Spectra Physics) operated at 920 nm, with ~150 fs pulses and a repetition rate of 80
MHz. A 40X magnification and 0.75 numerical aperture (NA) objective used for imaging. The
210 x 210 μm2 (with 1024 x 1024 pixels) scanning range used in our experiment in order to
quantify the collagen dispersion within a longitudinal section. Before SHG imaging, fluorescence
microscopy (560 nm Excitation and 645 nm Emission filters) applied in order to localize the region
of interest from basic fuchsin staining; imaging was then switched to SHG setting. SHG signals
collected in the forward direction using a 0.9 NA condenser lens.
4.2.6 Image Processing and Analysis of SHG images
To study the collagen integrity, we used Orientation J, which is a tool with the Fiji image
processing module of ImageJ. Analyses were based on structure tensors; structure tensor is a
matrix derived from the gradient of the image and interpreted as a localized covariance matrix of
the gradient. [Jahne 1993; Bigun et al. 2004]. OrientationJ evaluates the local orientation and
isotropic properties of every pixel of the image. Three regions of interest were selected (210 x 210
μm2 (with 1024 x 1024 pixels)) for each longitudinal sections in order to quantify the collagen
dispersion within a longitudinal section. These values derived from the structure tensor defined for
each pixel as the 2 × 2 symmetric positive matrix J,
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J=

< fx, fx >w < fx, fy >w
< fx, fy >w < fy, fy >w

Where fx and fy are the partial spatial derivatives of the image f (x, y), along the principal directions
x and y, respectively [Förstner 1986]. The structure tensor computes the isotropy properties in a
local window. The plot is then fitted with a Gaussian distribution, the center of which gives the
preferred orientation of fibers (multiple fits for several orientations) with respect to a longitudinal
axis, while the width provides a measure of how randomly the fibers are oriented. The Dispersion
reports the standard deviation of the Gaussian. Areas with fibers having a preferential orientation
categorized as anisotropic, while those with fibers aligned along several different orientations
(with no preferred orientation) considered isotropic. To decide whether a region is isotropic or
anisotropic, we examined the angular power spectrum, i.e., the strength of the various orientations
that exists in a particular region. For example, a group of fibers all oriented along the same
direction would give a single sharp peak in the angular power spectrum corresponding to that
direction. This is the “anisotropic” case, with respect to orientation. In contrast, in the “isotropic”
case, multiple fibers, each pointing along different directions, would yield multiple peaks in the
angular power spectrum (wider curve or higher σ).
4.2.7 Statistical Analysis
All data are reported as mean ± SD. Graph Pad Prism statistics software was used to
perform statistical analyses as indicated for SHG experiments. Dif.Dx and Non- Dif.Dx zones were
compared to each other using unpaired t-test (nonparametric, Mann-Whitney U test). In addition,
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survival and control tissue were compared to each other using unpaired t-test (nonparametric,
Mann-Whitney U test).

4.3 Results
4.3.1 SEM studies of collagen fibrillar structure
Scanning electron microscopy studies of Dif.Dx samples showed visible changes in tissue
collagen fibrillar structure in diffuse damage regions (Figure 4.3), compared to non-loaded bones.
Specifically, fibril bundles appear thicker and the void spaces (from which mineral had been
removed) were larger in Dif.Dx bone than in control bone. Most significantly, we could find no
evidence of collagen fibril tearing or rupture in Dif.Dx bone.
Dimensionally, collagen fibril bundles in Dif.Dx region were ~ 9-10% wider than those in
control bone (498±57 nm vs 457±44 nm, respectively) (Figure 4.4A&B). Frequency distribution
data revealed a pronounced shift to the right in Dif.Dx bone, due to substantial increase in large
diameter (550-650nm) fibril bundles – a size that that was not observed in control bone (Figure
4.3C). Frequency distribution data showed increase in porosity diameter sizes in diffuse damage
tissue (554.42±237.38 nm) compare to control (419.32±185.47 nm) for SEM images of decalcified
tissue(Figure 4.5).
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Control 47K

A

Control 153K

c

Dif.Dx 47K

B

Dif.Dx 153K

D

Dif.Dx 253K

E

130±5 nm
100±5 nm

Figure 4.3 Scanning electron microscopy images on A) Control non-loaded bone; B) Diffuse
damage bone; C, D, E) Show higher magnification images from bones shown in A and B, revealing
differences in fibril bundle thickness and void space
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Average Diameter:
457±44 nm

A: Control

Average Diameter:
498±57 nm

B: Dif.Dx

C: Control
Dif.Dx
Overlap data

Figure 4.4 Diameter frequency distribution analysis of collagen fibril bundles A) Control B)
Diffuse damage (Dif.Dx) C) Overlap data for frequency distribution analysis of collagen fibril
bundles for control and Diffuse damage tissue.
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A: Control

B: Dif.Dx

Average Diameter:
419.32±185.47 nm

Average Diameter:
554.42± 237.38 nm

C: Control
Dif.Dx
Overlap data

Figure 4.5 Diameter frequency distribution analysis of Porosity A) Control B) Diffuse damage
(Dif.Dx) C) Overlap data for frequency distribution analysis of Porosity for control and Diffuse
damage tissue.

4.3.2 Second harmonic generation microscopy for quantitative analysis of collagen
fibrillary structure
Second harmonic generation (SHG) microscopy was used for collagen integrity studies.
Bone with diffuse damage, repaired diffuse damage and control region examined (Figure 4.6 and
4.7). The structure tensor is a matrix derived from the gradient of the image and interpreted as a
localized covariance matrix of the gradient [Förstner 1986]. The SHG results show that collagen
fibres are more dispersed or more isotropic in diffuse damage area compare to control(P>0.05).
However, the dispersion in survival group decreased to control (P>0.05) Figure (4.8).
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A Control SHG

B Control FL

C Dif.Dx SHG

D Dif.Dx FL

E Surv SHG

F Surv FL

Figure 4.6 SHG and fluorescence microscopy (FL) images for rat ulna longitudinal section (A)
Control SHG collagen fibers (B) Control FL (C) Dif.Dx SHG collagen fibers (D) Dif.Dx FL (E)
Survival SHG collagen fibers (F) Survival FL. Scale bar 12 μm.

A Dif.Dx FL

B Dif.Dx SHG

C Supeimposed SHG and FL Dif.Dx
SHG

Figure 4.7 SHG and fluorescence microscopy (FL) images for rat ulna longitudinal section (A)
Dif.Dx (B) Dif.Dx SHG collagen fibers (C) superimposed Dif.Dx SHG and FL images
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A

B

Figure 4.8 A) Collagen Dispersion for Control and Dif.Dx, P< 0.1. B) Control and survival P>
0.05, obtained by Second Harmonic Generation microscopy.

4.4 Discussion
In the current studies, we examined collagen fibril architecture and orientation in bone
containing diffuse damage induced in vivo, using a combination of SEM and SHG imaging
approaches. Scanning electron microscopy studies revealed changes in tissue collagen fibrillar
structure in diffuse damage regions compared to non-loaded control bone. Surprisingly, collagen
fibril bundles in diffuse damaged bone were on average ~ 10% greater in diameter than those in
non-loaded control bone. In addition, there was a substantial increase in the number of large
diameter (550-650nm) fibril bundles; fibril bundles of this size were not seen in control bone.
Importantly, ruptured or torn collagen fibrils were not seen in Dif.Dx bone, even at magnifications
up to 200,000 times.
Diffuse damage in bone occurs as a consequence of physiological loading [Schaffler et al.
1995; Vashishth et al 2000; Norman et al. 2008; Follet et al. 2013]. It was first identified as the
pool of stain in fatigue damaged bone matrix and further investigations revealed that it is a network
of sub-micron sized cracks [Schaffler, Pitchford et al. 1994; Zioupos and Currey 1994; Boyce,
Fyhrie et al. 1998; Fazzalari, Forwood et al. 1998; Vashishth, Koontz et al. 2000]. Diffuse damage
processes in bone occur during fatigue and creep loading, and are a critical toughening mechanism.
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The extensive arrays of tiny cracks in diffuse damage dissipate energy very effectively, even more
so than linear microcracks [Diab and Vashishth 2005].
The failure mechanisms that create diffuse damage are not well understood. However,
several studies provide important insights. In a seminal paper reported, Thompson et al (2001)
introduced the concept that the nanocomposite structure of bone matrix possesses ‘sacrificial
bonds’ comprised of non-collagenous proteins boundaries between bone mineral and collagen
fibril that rupture easily under loading, dissipating energy while leaving collagen fibrils
intact[Thompson et al 2001]. Subsequent studies by Fantner et al [Fantner et al. 2007; Poundarik,
Diab et al. 2012] confirmed this mechanism and pointed to osteopontin and/or the osteopontinosteocalcin complex, as the adhesive interface between mineral and collagen in bone, and the
locations for sacrificial bonds. Moreover, Vashishth and colleagues [Poundarik, Diab et al. 2012]
showed that these interface sites are locations where the dilatational bands or incipient small cracks
in diffuse damage initiate. Taken together, these data lead to the expectation that diffuse damage
should not rupture or tear collagen fibrils in bone, a prediction that has never been tested.
The current studies confirmed this prediction. Ruptured or torn collagen fibrils were not
observed in diffuse damaged bone, even when examined at very high magnifications.
Nevertheless, significant changes in the bone collagen organization were observed in diffuse
damage areas, as evidenced both by widening of collagen fibril bundles and the presence of
numerous larger fibril bundles in diffuse damage areas that were not present in normal bone. The
mechanisms underlying such collagen changes in diffuse damage are complex and not well
understood, but we posit that changes in the internal stress state within the bone matrix caused by
diffuse damage play a pivotal role
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Numerous investigators have demonstrated that bone is a prestressed/prestrained material
[Wright et al. 1977; Ascenzi et al. 1977; Stanwyck et al. 1982; Finlay et al. 1994; Ascenzi, 1999,
Yeni et al. 2002]. Ascenzi et al. 1977 first suggested that mineral deposition during bone
formation can place collagen fibrils in tension. Stanwyck et al (1982) showed that a saw cut in
bone ‘gaps open’ a small amount, indicating that intact bone possessed internal tensile stresses
that were relieved by a discontinuity; they further confirmed the generation of altered tissue
prestrains using strain-gages. Ascenzi [1999] showed that individual lamellae from human
osteons in which collagen orientation is predominantly orthogonal to the long axis of bone have a
net compressive pre-stress. It is widely known that simply of decalcifying a bone sample causes
small changes in dimensions, consistent with the idea that the mineral creates an internal stress
state within the organic matrix components of bone. Yeni et al 2002 showed that in bone samples,
the axial (longitudinal) dimension was reduced 5-20% after removing the mineral, with the
magnitude of change depending on species (human vs bovine bone). This reduction in length
indicates that the bone collagen fibrils, and possibly the non-collagenous proteins, had been
stretched (prestressed) by the mineral; once the mineral was removed, the fibrils relax.
Relaxation of the pre-stresses on collagen fibrils may potentially explain the increased
collagen fibrils diameter observed in diffuse damaged bone. Disruptions of the mineral–collagen
interfaces (i.e, glue failures) would release the tensile pre-stress on the collagen. This, in turn,
would allow fibrils to relax to their baseline stress state and dimensions. In most engineering
materials, the Poisson's ratio, or ratio of width to length change, is limited to 0.5. However, using
a SAXS based approach, Wells et al 2015 found that the Poisson's ratio for single collagen fibrils
was as high as ~2 for a tissue strains from 0 to 25%. They note that this unusually high Poisson's
ratio reflects that fact that fibrils themselves are hierarchical composite structures, comprised of
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numerous triple tropocollagen molecules that slide within the fibrils, affecting in an increase in the
gap region and resulting in the unusual Poisson’s behavior. Based on our SEM studies, the typical
fibril bundle in control rat bone was approximately 400 nm in width. If the width of a single bone
collagen fibril ~ 70-80 nm [Hodge and Petruska 1963; Bonar, Lees et al. 1985; Price, Lees et al.
1997; Orgel, Irving et al. 2006; Olszta, Cheng et al. 2007], then a Poisson ratio of 2 would predict
widening or thickening of the fibril in the range of 15 nm if the tensile prestress/strain is released.
This would translate to an increased fibril bundle width of ~ 75 nm, which is consistent the average
dimensional change observed for fibril bundles in diffuse damaged bone.
The SEM studies also revealed a number of larger diameter fibril bundles (550-650nm) in
diffuse damage bone areas that were not observed in equivalent areas of control bone, and these
also appeared to be comprised of more fibrils than typical of control bone. The mechanism by
which gave rise to these remains obscure at this time. Certainly, the stress relaxation discussed in
the preceding paragraph would contribute to some thickening. However, the increase in small
fibril numbers in these larger bundles suggest a loss of spacing or collapsing together of small
fibril due to loss the matrix integrity, perhaps due to the rupture of the sacrificial bonds (OPN,
OCN) that maintain the space of the mineral-collagen interface. This explanation is consistent our
earlier SAXS studies detailed in Chapter 2, which revealed that bone mineral crystals in diffuse
damage move from their original highly aligned positions to a markedly less aligned configuration.
The loss of the normally high crystal alignment, and the associated spacing constraints of this
aligned structure, would to allow small fibrils shift out their baseline positions and even to collapse
onto on another, resulting the larger fiber bundles encountered in diffuse damaged bone. Such
shifting of small fibril is also consistent with the appearance of larger “void spaces” observed
between collagen fibril bundles in diffuse damaged bone. These void spaces represent the spaces
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previously occupied by mineral aggregates, prior to demineralization for SEM study. In normal
bone, mineral particles and their aggregates have been reported to range in size from about 50 nm
to 700-800 nm, with a mean aggregate size of ~400 nm [Gao, Ji et al. 2003; Fratzl 2008; Krauss,
Fratzl et al. 2009]. Control bone in our studies fits well into this range, with a mean aggregate size
of ~380 nm based on measurements from the SEM images. We do not yet fully understand the
mechanism giving rise to the larger voids observed in diffuse damaged bone. Our study method
only allowed us to observe the void space from which the mineral had been removed, thus we
could not evaluate the matrix mineral details. However, it seems unlikely that these larger spaces
represent larger aggregates adhered together by the damage process. On the other hand, shifting of
the position small collagen fibrils in diffuse damage regions would create larger-appearing void
space. Further studies are needed to address this question.
That the position of collagen fibrils can be shifted in diffuse damaged bone is consistent
with the results of the SHG imaging studies. Importantly, these imaging studies were performed
using longitudinal sections, which helps highlight positional shifts in the collagen directionality
[Millard et al 2003a; Millard et al 2003b; Fung et al 2010]. SHG results revealed that collagen
fibres in diffuse damaged bone were some 35% more dispersed (i.e., isotropic) than in control
bone, indicating that collagen fibrils shifted their nanoscale positions in damaged bone areas.
These SHG data are also consistent with data from our earlier SAXS studies of the bone mineral
in diffuse damage, which showed that which bone mineral crystals in diffuse damage shifted from
their original highly anisotropic orientation in control bone to a more isotropic orientation.
Importantly, we were also able to use SHG imaging to examine Survival/Repair ulnae. In these
bone, SHG dispersion was reduced to within 15% of control, suggesting that collagen fibrils
returned toward their baseline, control orientations in the healed diffuse damage regions. These
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nominal restorations in matrix orientation in healed diffuse damage regions of bone correlated with
the re-establishment of the mineral orientation observed in our SAXS studies. However, these
SHG findings are inconclusive (p<0.17, Mann-Whitney test) because of the small number of bones
were able to examine for each experimental group (these were the same bone sections used for
SAXS mineral studies which were limited due to the extreme length of time needed for the scans).
In summary, 1) Submicron sized cracks in Dif.Dx do not rupture (i.e, they spare
the) collagen fibrils, but fibrils thicken/widen due to apparent elastic recoil from release of tensile
prestress. Whether reversible with healing is not known; 2) Small changes in relative collagen
fibril position at nanoscale in diffuse damage areas, once the mineral and collagen are no longer
coupled. Consistent with mineral position changes reported for Dif.Dx; 3) Collagen fibril structure
remains effectively intact in Dif.Dx tissue, suggests that repair of this organic scaffold not needed
for Dif.Dx repair and indicates that mineral re-deposition within the fibril scaffold could provide
an effective repair without major synthesis of new structural proteins. This hypothesis remains to
be tested, as does the potential role of the non-collagenous proteins, particularly OPN and OCN,
in this repair.
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Chapter 5 Summary statement and future directions
5.1 Summary Statements
The main objective of this thesis was to study the mechanism of biological response of
living bone to submicron size cracks in bone matrix, also identified as diffuse damage. Bone,
unlike engineered materials, has the ability to repair the microscopic cracking or microdamage
caused by wear and tear (i.e., fatigue) through targeted, osteoclast-mediated bone remodeling. This
capability is vital for maintenance of its structural integrity and quality; failure of the skeleton to
effectively repair microdamage leads to accumulation of damage, which is one of the main
contributors to bone fragility. Linear microcracks (50-100 µm) and diffuse damage (sub-micron)
are the two microdamage types [Seref-Ferlengez et al. 2015]. Herman et al. in our laboratory
showed that diffuse damage in rat ulnae did not activate resorption and more surprisingly, did not
cause the localized osteocytes apoptosis that activates and targets remodeling of typical linear
micro cracks [Herman et al. 2010]. Also recently, Seref-Ferlengez et al. in our laboratory showed
that small crack damage bone could be repaired without bone remodeling; suggesting alternative
repair mechanisms exist for submicron-sized matrix cracks in bone [Seref-Ferlengez et al. 2015].
These discoveries raise questions about the mechanism(s) by which localized matrix damage in
bone undergoes self-repair and whether of overall mechanical integrity is completely restored.
Thus it is reasonable to hypothesize that small (“diffuse”) crack damage repairs principally through
a physicochemical mechanism that restores integrity of the bone mineral and the tissue mechanical
properties, with no significant change in the organic component of the bone matrix.
In chapter two, we first tried to understand whether the matrix composition is modified
during diffuse damage repair and how diffuse matrix damage in living bone might be repaired. We
used Raman microscopy in order to determine the compositional characteristics of diffuse damage
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(Dif.Dx) and repaired bone tissue that is modified during diffuse damage repair after creep loading.
Then we applied Small Angle X-ray Scattering(SAXS) in order to investigate the nanostructural
changes of hydroxyapatite crystals thickness (T) and alignment after diffuse damage formation
and recovery. We examine in detail the nature of mineral repair process that is essential to restore
mechanical properties.
In summary, Raman microspectroscopy studies revealed a weak shoulder at 945-950 1/cm
in the diffuse damage area indicating amorphous or crystalographically disordered mineral. This
peak is chemically calibrated and has been reported. These results are similar and consistent with
phase transformations, a process that occurs in other crystalline materials like ceramics as a means
to adapt to an applied mechanical load. The high-frequency component was not observed in
undamaged areas. Surprisingly, after 14 days survival these extra peaks almost vanished. It is
therefore possible in bone appetite nanoparticles consist of crystalline core of a calcium phosphate
phase closely related to HAP, surrounded by an amorphous coating and structural water. Further
investigations are needed to study the age-related dissimilarities in the mineral’s response to stress.
Probably older bone tends to have higher uniform crystallite sizes and lower water content and
these may affect its response to applied load. Small Angle X-ray scattering(SAXS) showed no
change in mineral thickness between diffuse damage area compare to control. Therefore, higher
energy dissipation in diffuse damage area compared to those with linear microcracks during the
early phase of fatigue loading [Diab and Vashishth 2005] is not related to crystal breaks. However
crystal thickness in the survival group increased by 2 Å compare to control group. The increase in
crystal thickness by 2 Å in repaired tissue is inconsistent with crystal water structural (Ca [H2O]6)
+2

(H2O)12 or P=Op–H–Ow proposed by the Veis and D o r ve e model. SAXS data showed

decrease in degree of crystals alignment (more isotropic) in Dif.Dx area compare to control.
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However, in repaired diffuse damage area bone mineral crystal became more anisotropic. We
suggest increasing in degree of crystals alignment for repair tissue compare to diffuse damage area
is inconsistent with mesoscopic crystallization pathway. Further investigations were needed to
understand whether healing results purely from physicochemical mechanisms or if osteocytes,
which remain viable in this form of damage, play an active role in the repair process.
In chapter 3 we tested the hypothesis that the repair of Dif.Dx regions in bone, as assessed
functionally by recovery of mechanical properties, can occur ex-vivo in the absence of viable
osteocytes. Then we tested whether mineral deposition is an essential component of repair of
diffuse damage in vivo, in order to gain insight into the importance of physicochemical mineral
deposition in repair of diffuse damage region in-vivo(remineralization). The results of this study
support the concept that the spontaneous recovery of mechanical and microstructural alterations
caused by Dif.Dx in bone requires deposition of Ca and Pi, but does not require the direct action
of osteocytes. This repair process appears to resemble physicochemical remineralization like that
occurring in enamel. Nevertheless, osteocytes and their lacunar-canalicular system likely play an
essential indirect role in healing of these submicron-sized cracks in bone in vivo, by maintaining
the ionic bone tissue fluid required for chemical repair of bone mineral and perfusing it through
the matrix to access damage sites. Lastly, the inhibition of Dif.Dx repair in vivo by EHDP and a
high concentration of ALN raises the possibility that accumulation of Dif.Dx resulting from longterm bisphosphonate treatment could contribute to changes in bone material properties and play a
role in the occurrence of material fragility associated with high dose or long-term bisphosphonates.
In chapter 4 we examined collagen fibril architecture and orientation in bone containing diffuse
damage induced in vivo, using a combination of SEM and SHG imaging approaches. Scanning
electron microscopy studies revealed changes in tissue collagen fibrillar structure in diffuse
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damage regions compared to non-loaded control bone. Surprisingly, collagen fibril bundles in
diffuse damaged bone were on average ~ 10% greater in diameter than those in non-loaded control
bone. In addition, there was a substantial increase in the number of large diameter (550-650nm)
fibril bundles; fibril bundles of this size were not seen in control bone. Importantly, ruptured or
torn collagen fibrils were not seen in Dif.Dx bone, even at magnifications up to 200,000 times. 1)
Submicron sized cracks in Dif.Dx do not rupture (i.e, they spare the) collagen fibrils, but fibrils
thicken/widen due to apparent elastic recoil from release of tensile prestress. Whether reversible
with healing is not known; 2) Small changes in relative collagen fibril position at nanoscale in
diffuse damage areas, once the mineral and collagen are no longer coupled. Consistent with
mineral position changes reported for Dif.Dx; 3) Collagen fibril structure remains effectively intact
in Dif.Dx tissue, suggests that repair of this organic scaffold not needed for Dif.Dx repair and
indicates that mineral re-deposition within the fibril scaffold could provide an effective repair
without major synthesis of new structural proteins. This hypothesis remains to be tested, as does
the potential role of the non-collagenous proteins, particularly OPN and OCN, in this repair.
In summary, the major contributions from this work are:
(1)

We characterize the changes in bone mineral that occur in diffuse damage and repair,

provided the first confirmed evidence to understand what breaks in diffuse damage and how small
crack matrix damage undergoes repair in living bone.
(2)

We discovered that sub-micron size cracks (diffuse damage) is repaired through

physicochemical repair in living bone, giving the first experimental evidence of proving direct
repair mechanism in bone.
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(3)

We further provided the evidence for how matrix failure occurs in diffuse damage in living

bone regarding collagen fibrillary structure.
5.2. Future Directions
Raman microspectroscopy studies revealed a weak shoulder at 945-950 1/cm in the diffuse
damage area indicating amorphous or crystalographically disordered mineral. This peak is
chemically calibrated and has been reported. These results are similar and consistent with phase
transformations, a process that occurs in other crystalline materials like ceramics as a means to
adapt to an applied mechanical load. The high-frequency component was not observed in
undamaged areas. Surprisingly, after 14 days survival these extra peaks almost vanished. It is
therefore possible in bone hydroxyapatite (HAP) nanoparticles consist of crystalline core of a
calcium phosphate phase closely related to HAP, surrounded by an amorphous coating and
structural water. Further investigations are needed to study the age-related dissimilarities in the
mineral’s response to stress. Probably older bone tends to have higher uniform crystallite sizes and
lower water content and these may affect its response to applied load. Small Angle X-ray
scattering(SAXS) showed no change in mineral thickness between diffuse damage area compare
to control. However crystal thickness in the survival group increased by 2 Å compare to control
group. The increase in crystal thickness by 2 Å in repaired tissue is inconsistent with crystal water
structural (Ca [H2O]6)

+2

(H2O)12 or P=Op–H–Ow proposed by the Veis and Do r ve e model.

SAXS data showed decrease in degree of crystals alignment (more isotropic) in Dif.Dx area
compare to control. However, in repaired diffuse damage area bone mineral crystal became more
anisotropic. We suggest increasing in degree of crystals alignment for repair tissue compare to
diffuse damage area is inconsistent with mesoscopic crystallization pathway. Further Transmission
Electron microscopy (TEM) studies are needed to investigate the exact nature of Hydroxyapatite
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bone mineral crystal at the repaired tissue. Also it is important to investigate the bone mineral
compositional changes and collagen fibrillary structure for different recovery time line responses
(1 day,5 days and 28 days).
The bisphosphonate study results showed that diffuse damage undergoes a direct repair in
living bone and in ex- vivo. This repair process appears to resemble physicochemical
remineralization like that occurring in enamel. In this study Dif.Dx bone was allowed to heal in
vivo in animals treated with the bisphosphonate etidronate (EHDP) for 14 days at a concentration
that inhibits mineralization [Fleisch et al 1968; Blomen 1995; Fleisch et al. 1961; Fleisch et al.
1962; Fleisch et al. 1966; Li et al. 25; Kranenburg et al. 2018]. The results of these studies support
the concept that remineralization is necessary to heal Dif.Dx and that the process does not require
ongoing osteocyte activity. Further investigations are needed using fluorescent bisphosphonate to
detect exact location of attached fluorophore in diffuse damage. Also study the recovery time for
five days using EHDP treated animals (injecting,10mg/day for five days) since we have data for
ex-vivo studies for five days survival.
We examined collagen fibril architecture and orientation in bone containing diffuse
damage induced in vivo, using a combination of SEM and SHG imaging approaches. Scanning
electron microscopy studies revealed changes in tissue collagen fibrillar structure in diffuse
damage regions compared to non-loaded control bone. For SEM studies we did not use
longitudinal samples and survival cross-section tissue due to SEM technical problems.
Finally, we hypothesize that, osteocytes and their lacunar-canalicular system likely play an
essential indirect role in healing of these submicron-sized cracks in bone in vivo, by maintaining
the ionic bone tissue fluid required for chemical repair of bone mineral and perfusing it through
the matrix to access damage sites. We started some preliminary studies to investigate the osteocyte
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network processes and DMP-1 immunoexpression in diffuse damage and repaired regions. In order
to show the F-actin filaments in osteocyte processes, sections were incubated within
Alexafluor488-Phalloidin. Our results showed that osteocytes in Dif.Dx areas lose processes
acutely after induction of Dif.Dx. Meanwhile, the survival group showed that osteocytes processes
in the perilacunar zone recovered by 14 days after loading, whereas processes remained diminished
in between osteocytes. In addition, our study indicated that despite the acute ~25% loss of
processes, osteocytes in Dif.Dx areas remained viable as observed by the cytoskeleton integrity in
osteocyte cell body and the effort of these cells to restore connectivity after Dif.Dx induction. This
is in agreement with previous studies from our group, which reported that osteocytes maintained
viable in Dif.Dx areas [Herman et al. 2010; Seref-Ferlengez et al. 2014]. The infilling hypothesis
might be similar to loss of odontoblast processes and dentinal tubule infilling during dentin repair,
in a process that leads to a sclerotic dentin [Giachetti et al. 2002].
The reason why osteocytes in Dif.Dx areas restored their dendritic processes only in
perilacunar zone, but not in between osteocytes remains unknown. Whether the cells inability to
regrow their processes is due to a cellular defect or canalicular obstruction caused by damage or
infilling needs further TEM studies.
We also did some preliminary studies on DMP1 immunoexpression. However, we did not
find significant effects of Dif.Dx induction on DMP1 immunoexpression. In contrast, it has been
reported that mechanical stimulation increase DMP1 expression in alveolar bone osteocytes, in an
animal model of tooth movement. These contrasting results suggest that DMP1 expression may be
induced only at specific regimen of mechanical stimulation. Another explanation is that the
mechanosensitive capacity of osteocytes in alveolar bone is distinct from osteocytes from long
bones, which may influence DMP1 expression in a distinct manner in different bone sites.
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Accordingly, it has been shown that alveolar bone and long bones are distinct regarding hormonal
responsiveness and bone remodeling rates [Sodek, McKee, 2000; Huja et al. 2006; Mavropoulos
et al. 2007]. Regardless of the exact mechanism, we speculate that the direct or indirect osteocyte
participation in Dif.Dx repair in vivo may be important for maintaining overall bone health.
Our SEM data indicated that collagen fibrils are more dispersed and are widening due to ;
debonding of mineralized collagen bundles and glue rupture during creep loading and diffuse
damage formation. Further investigation is necessary to look at the glue protein (osteopontin,
osteocalcin) in diffuse damage and survival tissue.
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